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 Abstract 
To determine the type of intervention which best mitigates thermal stress within a given 
context, two important factors need to be taken into account: the specific characteristics of the 
ambient environment (temperature, humidity, air speed and mean radiant temperature) and how 
the thermoregulatory control system will detect and potentially physiologically compensate the 
applied intervention. The purpose of the present thesis was to further explore these concepts and 
apply newly generated knowledge to the presently pressing context of human adaptation to 
heatwaves. The purpose of Studies 1-3 was to further mechanistically explore and characterise 
how the body detects and counteracts exogenous cooling and heating loads applied internally. 
Specifically, study 1 sought to confirm the existence of visceral thermoreceptors, which limit the 
effectiveness of cold fluid ingestion to defend against heat stress, by investigating whether hot 
and cold fluid ingestion modifies cold-defense thermoeffectors, independently of differences in 
core and skin temperature. The aim of Study 2 was to determine whether these thermoreceptors 
could adequately detect and counteract the relatively large internal heat sink provided by ice 
slurry ingestion by reducing whole-body heat loss responses during exercise. Study 3, 
investigated whether hot and cold fluid ingestion prior to a bout of exercise could delay the onset 
of sweating and vasodilation responses, independently of differences in core and skin 
temperature. Next, study 4 examined how ambient temperature, humidity and air speed interact 
to modify heat balance in distinctly different, but commonly experienced, simulated heatwave 
conditions. Finally, study 5 combined the information from studies 1-4 in order to determine the 
optimal cooling strategies during hot-dry heatwave conditions which could be applied in 
isolation or in conjunction with electric fan use and readily-available tap water.    
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Summary of Findings 
Study 1 sought to confirm the existence of previously proposed visceral thermoreceptors 
in humans which were demonstrated to modify whole-body heat loss responses. This aim was 
accomplished by exposing participants to 90 min of passive cooling at 5°C with a water 
perfusion suit, while ingesting 7°C, 22°C, 37°C or 52°C water after 40 min (small aliquot: 1.5 
ml•kg-1) and 60 min (large aliquot: 3.0 ml•kg-1) of cooling. Rectal (Tre) and skin temperature 
(Tsk), metabolic rate (M), electromyographic activity (EMG) and whole-body thermal sensation 
(WBTS) were measured continuously. It was found that relative to 37°C (M:215±47W, 
EMG:3.9±2.5%MVC, WBTS:33±2mm), 52°C (M:179±34W, EMG: 3.3±2.1%MVC, 
WBTS:53±28mm) water ingestion decreased shivering and made participants feel less cold, 
while 7°C (M:269±77W, EMG:5.5±0.9%MVC, WBTS:14±12mm) and 22°C (M:270±86W, 
EMG:5.6±1.0%MVC, WBTS:18±19mm) water ingestion increased shivering and cold sensation 
by the same amount. Throughout, Tre and Tsk were not affected by water temperature. Taken 
together, these results confirm the existence of visceral thermoreceptors which can modify 
whole-body thermoregulatory responses in humans. 
The purpose of Study 2 was to investigate the effect of ingesting an ice slurry beverage 
(ICE) on local thermoeffector responses and whole-body sweat rate. Participants cycled at 55% 
of their peak oxygen consumption (VO2peak) for 75 min in warm, dry conditions (33.5±1.4°C; 
23.7±2.6% relative humidity [RH]) and ingested 3.5 ml•kg-1 of either ICE or 37°C water (CON) 
after 15, 30, and 45 min of exercise. Throughout exercise, M, Tre, Tsk, local sweat rate (LSR) and 
skin blood flow (SBF) were measured, whole-body sweat losses (WBSL) was determined from 
mass changes before and after the exercise bout, and metabolic heat production (M-W) was 
determined by subtracting external work from M. Relative to the CON trial, LSR, SBF and 
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WBSL were lower in the ICE trial, while Tre and Tsk were not different. Further, M-W was 
similar (2811±368) between ICE and CON trials, however, the 200±20 kJ greater internal heat 
loss with ICE ingestion was overcompensated by a 381±199 kJ reduction in evaporative heat loss 
potential from the skin. Net heat loss was consequently 131±120 kJ lower and body heat storage 
was greater in the ICE (483±175 kJ) compared to the CON (335 ± 186 kJ) trial. These findings 
indicate that the visceral thermoreceptors identified in Study 1 can not only adequately reduce 
sweat loss to a sufficient level to negate the heat lost to ingested ice slurries, but in fact cause a 
disproportionately large suppression in evaporative heat loss to cause a net heat gate, not loss, 
compared to thermoneutral fluid ingestion. 
Study 3 aimed to assess the influence of ingested fluid temperature before exercise on the 
initiation and sensitivity of physiological heat loss responses. Five minutes prior to the initiation 
of exercise, participants ingested 3.5 ml•kg-1 of 1.5°C, 37°C or 50°C water, then cycled at 50% 
VO2peak for 15 min in 23.0±0.9°C and 32±10%RH while SBF, LSR, Tre and Tsk were measured 
and mean body temperature (Tb) was derived using a weighted average of: 0.9×Tre + 0.1×Tsk. 
Additionally, in a subset of participants, blood pressure was measured and cutaneous vascular 
conductance (CVC) was calculated by dividing SBF by mean arterial pressure. The change in Tb 
at the onset of SBF and LSR was greater with 1.5°C (LSR: 0.19±0.15ºC, SBF: 0.20±0.15ºC) 
compared to 50°C (LSR: 0.10±0.12ºC, SBF: 0.10±0.09ºC) water ingestion but not different 
between any other trials. The thermosensitivity of the SBF and LSR responses were not different 
between trials. After 15 min of exercise, LSR, SBF and CVC were higher with 50°C (LSR: 
0.52±0.17 mg·min-1·cm-2, SBF: 407±149%baselineAU, CVC: 384±160%baselineCVC) 
compared to 1.5°C (LSR: 0.42±0.13 mg·min-1·cm-2; SBF: 279±117%baselineAU; CVC: 
275±81%baselineCVC), but none were different to 37°C (LSR: 0.50±0.22 mg·min-1·cm-2, SBF: 
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324±169%baselineAU, CVC: 340±114%baselineCVC). The finding from Study 3 illustrate that 
cold fluid ingested prior to the onset of exercise prolong the onset of heat loss responses, thereby 
resulting in a greater metabolic heat storage at the onset of exercise, relative to a thermoneutral 
fluids, thereby reducing the cooling effect of the fluid ingestion. 
The purpose of Study 4 was to investigate the effectiveness of electric fan use (FAN) at 
improving thermal and cardiovascular strain, dehydration status and thermal discomfort under 
two simulated heatwave conditions at which fan use is currently discouraged by national and 
international health authorities: the hot and dry conditions of the 2009 Adelaide heatwave (46°C, 
10%RH) and the warm and humid conditions of the 1995 Chicago heatwave (40°C, 50%RH) 
compared to a control condition (CON). In the simulated Adelaide heatwave, fan use 
exacerbated thermal (Tre: FAN: 37.57±0.33°C, CON: 37.28±0.21°C) and cardiovascular strain 
(rate pressure product [RPP]: FAN: 11736±3514 bpm·mmHg, CON: 9441±2180 bpm·mmHg), 
dehydration status (WBSL: FAN: 1447±123 g, CON: 708±51 g) and feelings of thermal 
discomfort (FAN: 74±23 mm, CON: 52±31 mm). Conversely in the simulated Chicago 
condition, fan use lowered cardiovascular strain (RPP: FAN: 9329±1776 bpm·mmHg, CON: 
10378±1984 bpm·mmHg) and feelings of thermal discomfort (FAN: 36±21 mm, CON: 80±38 
mm), but slightly increased dehydration (WBSL: FAN: 689±87 g, CON: 431±55 g). These 
findings thereby demonstrate that, contrary to the advice of the World Health Organisation and 
other major health authorities, electric fan use is beneficial at mitigating heat stress in warm-
humid heatwaves. Conversely, electric fan use is not beneficial for mitigating heat stress in hot 
dry heatwaves. 
Study 5 sought to identify which is the most effective way of using tap water to lower 
thermal and cardiovascular strain, dehydration status and thermal discomfort in the hot and dry 
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heatwave conditions under which fan use is not an effective cooling strategy; i.e. 2009 Adelaide 
heatwave (46°C, 10%RH). Participants underwent a control trial (CON) or one of three 
interventions: immersing the feet in 22°C water (BATH), ad libitum external skin wetting (SPG), 
and ad libitum external skin wetting while using an electric fan (F+S). Compared to the CON 
trial, SPG lowered cardiovascular strain (RPP: SPG: 8614±1776 bpm·mmHg) and both SPG and 
BATH lowered dehydration status (WBSL: SPG 265±106 g and BATH 533±84 g) and all three 
interventions lowered thermal discomfort (SPG: 24±24 mm, BATH 35±27 mm, F+S: 28±22 
mm). In the F+S and SPG trial the amount of water used to wet the skin was negatively 
correlated with thermal discomfort, Tsk and WBSL. Therefore during hot-dry heatwaves, people 
without access to air conditioning should be advised to wet their skin as frequently as possible. 
In conclusion, the findings of this thesis confirm previous evidence that thermoreceptors 
in the abdomen compensate for heat exchanged with ingested fluids by modifying whole-body 
thermoeffector responses in advance of core temperature being affected. Further, these visceral 
thermoreceptors were able to adequately compensate for the relatively large amount of heat loss 
to ingested ice slurry beverages to ensure core temperature remained unaffected. Additionally, 
the onset of heat loss thermoeffector responses were delayed with the ingestion of cold water and 
expedited with warm water ingestion, resulting in greater or lower Tb at the onset of response, 
respectively. It was also demonstrated that the effectiveness of fan use for cooling during a 
heatwave is dependent upon the temperature and humidity of the heatwave, and that fans can be 
used safely by healthy young men in 40°C and 50% relative humidity conditions; conditions 
which are currently discouraged by health authorities. Finally, skin wetting with a sponge was 
deemed the most effective way to stay cool during a hot and dry heatwave - conditions where 
electric fan use is not effective.   
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BACKGROUND 
Humans are homeotherms, and as such, core temperature is maintained between a narrow 
range of 35°C to 40°C (23), compared to the highly variable ambient temperature ranges that 
humans dwell in (-68°C; Omyakon, Russia (71) to +56.7°C; Death Valley, USA (72)). While 
humans have evolved several physiological responses in order to deal with thermal stress, 
namely sweating and vasodilation in the heat (53) and vasoconstriction and shivering in the cold 
(12), a very effective way to regulate body temperature is through behaviour (55). Behaviour is 
the preferred form of thermoregulation as it uses minimal precious bodily resources such as 
body-water for sweating and carbohydrates for shivering (52). An additional benefit is that it can 
be initiated in advance of any critical changes in thermal status (54). Actively heating or cooling 
before, during, or after exposure to thermal stress are increasingly common thermoregulatory 
behaviours (4). Specific examples include warm (23)/cold water immersion (11), heat pack 
(18)/ice vest application (16), or warm (3)/cold fluid ingestion (33). Alternatively, behavioural 
strategies can be employed to help facilitate the natural physiological responses to thermal stress 
such as using a fan to improve evaporative cooling (36). 
In order to understand the efficacy of these various strategies for mitigating thermal strain 
during heat or cold exposure, a fundamental understanding of human heat balance is required.  
Human Heat Balance 
The maintenance of thermal homeostasis is accomplished by ensuring that at any given 
time, internal heat production is equal to heat loss to the surrounding environment. In situations 
where heat production and heat loss are not in balance, behavioural and physiological responses 
are initiated in order to minimize the amount of heat stored inside the body. Conceptually, this 
heat balance can be expressed using the following equation (49): 
Introduction 
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(" ±$) = (' ± ( ± ) ± )*+,-. + 012) + 3        (Eq. 1) 
where: 
M is metabolic energy expenditure 
W is external mechanical work 
K is conductive heat transfer 
C is convective heat transfer 
R is radiative heat transfer 
ResC+E respiratory heat loss via convection and 
evaporation 
Esk is evaporative heat loss from the skin  
S is heat stored within the body 
The primary source of heat production within the body is a by-product of the free energy 
released by the transfer of chemical energy from carbohydrates, fats and amino acids to 
adenosine triphosphate to sustain all functions vital for life in the body, namely: biosynthesis 
(anabolism and catabolism), active transport and muscular contractions. This rate of metabolic 
energy expenditure (M) is directly governed by the absolute rate of oxygen consumption (VO2), 
and the proportion of this oxygen that is used to catabolize carbohydrates (yielding 21.13 kJ of 
energy per 1 L of O2 consumed) relative to fats (yielding 19.69 kJ of energy per 1 L of O2 
consumed) (44).  
All metabolic energy ultimately leaves the body in the form of heat, unless removed from 
the body in the form of external mechanical work (W), which is the energy required to 
counteract opposing forces from outside the body (such as the force of gravity) to initiate or 
sustain movement. For example, while cycling outdoors, wind resistance influenced by the size 
and body position of the rider, friction between tires and the ground influenced by the riding 
terrain, and the force of gravity influenced by the incline of the terrain and weight of the rider are 
sources of external resistance that must be overcome to maintain constant speed. Whereas, in a 
laboratory environment these external forces are simulated by resistance generated by the 
flywheel on a cycle ergometer. Alternatively, running on a flat surface results in a negligible 
amount of W, as the propulsion and breaking forces of gait result in equal amounts of positive 
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and negative work, respectively (37, 61) and the total amount of W during running is solely 
determined by the vertical displacement of the athlete due to resisting or accommodating the 
force of gravity (61). 
Collectively, conductive, convective and radiative heat transfer can be referred to as dry 
heat exchange. This grouping is because these three avenues for heat exchange are governed by 
the temperature gradient between the skin and the external environment or surroundings. Dry 
heat transfer can be regulated by the body to a certain degree by altering cutaneous vasodilation 
to increase or decrease skin temperature as needed, however, for moderate to large levels of cold 
and heat exposure, increases in metabolism, sweating or behavioural adaptations are required to 
maintain heat balance (29, 54). Conductive heat transfer (K) occurs between the skin and any 
objects it is in direct contact with. The rate of K is dictated by the thermal conductivity of the 
object, the amount of skin surface area which is in contact with the object and the temperature 
difference between the object and the skin (30). In most situations, K is minimal due to humans 
spending most of their time in minimal contact with their surroundings (e.g. only the feet are in 
contact with the ground while standing), however K is more prevalent in situations such as lying 
on a cold surface, wherein a relatively large proportion of the body is in direct contact with a 
surface of a different temperature. 
Convective heat transfer (C) is increased by the flow of air moving across the skin 
surface which can be due to environmental air current and/or self-generated air flow through 
movement. As is C is directly dependent upon the temperature difference between the skin and 
the ambient environment, if air temperature is below skin temperature (~32 to 36°C), heat loss to 
the environment will follow, however, if air temperature exceeds skin temperature, heat will be 
gained from the environment (30).  
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Radiative heat transfer (R) is heat exchange by electromagnetic energy transfer between 
the skin and all physical objects emitting/absorbing radiation within the surrounding 
environment. R is dictated by the emissivity of the object, surface area and angle of exposure to 
the radiative source and the temperature difference between the skin and the radiative source. 
The net influence of the environment on R can be characterized by the mean radiant temperature, 
which is determined by black-globe temperature, measured with a black-globe thermometer, and 
air velocity (49). In an indoor environment, mean radiant temperature can be assumed to be 
equivalent to air temperature, unless an object that is considerably hotter or colder than the rest 
of the environment is present, such as a radiant warmer or block of ice. Outdoors, the primary 
source of radiant heat is the sun, which depending on the time of day, season, cloud cover, and 
latitude can cause black globe temperature to be as much as ~15°C higher than ambient air 
temperature (47).   
As opposed to the dry heat exchange pathways, heat loss by evaporation from the skin 
(Esk) occurs due to a difference in humidity between the skin and ambient air. Importantly, Esk is 
the most potent form of heat loss for humans, and when heat production exceeds heat loss by the 
dry heat loss pathways, the body will attempt to maintain heat balance by increasing Esk (29). 
This increase in Esk is achieved by increasing the amount of sweat secreted onto the skin surface 
predominantly from eccrine sweat glands. How much sweat evaporates in a given environment, 
however, will be determined by the absolute – not relative – amount of humidity in the air.  As 
demonstrated by a simple psychrometric chart (5), at a fixed relative humidity (RH), increases in 
ambient temperature result in exponential increases in absolute humidity. For example there is 
approximately twice as much water vapour in the air at 33°C and 20%RH as in 20°C and 
20%RH air, and therefore the maximum potential for evaporation in the 33°C compared to 20°C 
Introduction 
 
 
26 
condition is dramatically reduced. Indeed, as absolute humidity rises, Esk is impeded and sweat 
may begin to accumulate on the skin. Whether sweat pooling occurs and to what degree is 
dependent upon the skin wettedness, which is the ratio between the required amount of 
evaporation to attain heat balance (i.e. M-W-K-C-R- ResC+E) and the maximum potential 
evaporation possible (19). It is at a skin wettedness of approximately 0.45 at which sweating 
efficiency begins to deteriorate and some of the produced sweat trickles off the body without 
contributing to heat loss (8). Of particular relevance to this thesis, increases in air flow facilitate 
the evaporation of sweat from the skin surface, increasing the maximal amount of heat loss 
possible as well as improving sweating efficiency – especially in humid environments (9). 
Finally, the change in body heat storage (S) is determined by the cumulative difference in 
metabolic heat production (M-W) and net heat dissipation from skin to the surrounding 
environment by K, C, R, E and ResC+E, which is the small amount of heat transfer via respiration 
as the inhaled air is heated to body temperature and fully humidified within the respiratory tract 
(44). Subsequently, increases in body temperature will occur when S is positive and decreases 
when S is negative. The amount by which an individual warms up or cools down for given amount 
of S is dependent upon the mass and mean specific heat capacity (the average amount of energy 
required to warm 1 kg of human tissue by 1°C is ~3.47 kJ•kg-1•°C-1 (22)) of the individual. During 
exercise, increases in S, and consequently core temperature, occur primarily at the onset of 
exercise, as heat loss responses lag behind metabolic heat production (29). Barring severe 
prolonged exposures, during passive cooling and heating, such as winter weather and heatwaves, 
heightened or lowered in skin temperature respectively results in the activation of heat or cold 
defence physiological and behavioural responses, in advance of core temperature being 
significantly affected (49). 
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It is with how the body regulates heat exchange with the environment through the 
different heat exchange avenues in mind that the effectiveness of interventions for mitigating 
thermal stress will be evaluated in the context of the present thesis. 
Heat exchange in the context of fluid ingestion 
One of the most heavily investigated aspects of human thermoregulation is cooling 
interventions during aerobic exercise in the heat (4, 17, 64). This level of interest is 
multifactorial, stemming from the innate love of sport (20), the large metabolic heat production 
that occurs during aerobic activity (29) and the negative effects the resultant heat strain has on 
both athletic performance and potentially health (26, 45). 
Popular ways of mitigating the development of thermal stress during aerobic exercise in 
the heat included pre-cooling methods such as wearing ice vests, whole-body water immersion 
(28), applying ice towels (36, 56) and cooling packs on the neck (63), and cold water/ice slurry 
ingestion (64). While many of these strategies are effective ahead of short-duration events, their 
application are impractical or impossible during exercise/physical activity (66). On the other hand 
cold fluid ingestion during exercise is a relatively easy intervention to employ during exercise. 
However, despite the introduction of an additional heat transfer (i.e. internal conduction) pathway 
with cold fluid ingestion, core temperature at the end of an exercise bout in the heat is regularly 
reported to be the same irrespective of ingested fluid temperature (64). 
Recently, we expanded upon these findings by retrospectively investigating the 
association between the change in evaporative potential from the skin and the internal heat lost to 
the ingested fluid during steady-state exercise from previously published studies (27). Figure 1 
presents the findings of 15 studies that reported core temperature, the temperature of the ingested 
fluid, the volume of ingested fluid and the weight change of the participant for two or more  
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Figure 1. Data from review by Jay and Morris 2017 (27). Association between changes in evaporative potential 
from the skin surface with changes in internal heat loss with ingested fluid/ice (panel A) and the differences in end-
trial core temperature relative to control fluid conditions within each study with net differences between internal 
heat loss and evaporative potential with ingested fluid/ice (panel B). Dotted lines indicate line-of-identity. Best fit 
lines are provided for water ingestion trials only.  
different ingested fluid temperatures. Using this information, an approximate audit of the internal 
heat transfer to the ingested fluids compared the change in evaporative potential could be 
performed. The left panel demonstrates that changes in the internal heat lost to the ingested fluid 
are paralleled by proportional changes in skin surface evaporation secondary to parallel 
alterations in sweating. Further, the right panel illustrates the difference in core temperature 
associated with the heat balance comparisons from the left panel. In only one of the studies did 
core temperature differ by ≥0.2°C relative to the control condition, and even then, this difference 
was not sufficient to be considered physiologically significant (10). 
The changes in skin surface sweating would presumably be mediated by a difference in 
core/skin temperature (67), but as core and skin temperature typically aren’t affected by fluid 
ingestion (64), these findings would suggest that another thermally sensitive site with the 
capacity to modulate sweating was responsible. To investigate this idea, we previously 
conducted a study in which participants cycled for 75 min at a moderate intensity while local 
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sudomotor activity, skin temperature and core temperature were measured continuously, and 
participants ingested 1.5°C, 37°C or 50°C fluids (39). These water temperatures were selected 
for being representative of the coolest temperature attainable in liquid form (1.5°C), equal to 
mean body temperature (37°C) and the warmest possible temperature without being painful 
(50°C). The main findings from that study are displayed in Figure 2. Panel A demonstrates the 
clear differences in local sweat rate following cold/warm fluid ingestion which contrast sharply 
with the complete lack of difference in mean body temperature (0.9 × rectal temperature + 0.1× 
mean skin temperature) displayed in Panel B, suggesting the potential existence of 
thermoreceptors along the gastrointestinal tract independent of traditional core and skin 
temperature. To further investigate the location of these potential thermoreceptors, a follow-up 
study asked participants to complete the same exercise protocol but this time holding cold 
(1.5°C) or warm (50°C) water in the mouth (in order to stimulate receptors in the oral cavity) or 
have the cold/warm water directly administered into the lower oesophagus via a nasogastric tube, 
bypassing the mouth altogether. As demonstrated in Figure 2, Panels C and E, the influence of 
ingested water temperature on sweating was observed with the nasogastric tube, but not with the 
mouth-only swilling, again without any differences in mean body temperature, indicating that the 
thermoreceptors responsible for modulating sweating with cold/warm water ingestion are in fact 
located in the abdomen, but not the mouth. While these findings strongly support the existence of 
independent thermoreceptors in the abdomen, a further way of assessing whether this is in fact 
true would be to observe if an opposite effect occurs with cold stress, whereby cold fluid 
ingestion should increase metabolic heat production through shivering and warm fluid ingestion 
should reduce shivering and consequently metabolic heat production, independently of 
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differences in core and skin temperature. However, this needed to be confirmed experimentally 
and is the primary aim of Chapter 3 in this thesis.  
 
Figure 2. Data from Morris et al., 2014 (39). One-minute averages (±SD) for local sweat rate (left column; panels 
A, C and E) and mean body temperature (right column; panels B, D and F) with 1.5°C (open circles), 37°C (grey 
circles) and 50°C (black circles) fluid administration by ingestion (top row), nasogastric tube (middle row) or mouth 
swilling (bottom row). Dashed lines denote when fluids were ingested. *Where 1.5°C<37°C< 50°C. #Where 
1.5°C<50°C (P<0.05). 
After a series of initial studies demonstrated that cold water ingestion during exercise did 
not lower core temperature compared to a thermoneutral fluid during exercise (32–34), 
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researchers began using ice slurry ingestion (59) and ever since, this has been the more prevalent 
form of cold fluid ingestion (64). Ice slurries are favoured because the latent heat of the fusion of 
ice (334 J•g-1) delivers a much greater internal cooling potential in comparison to the sensible 
heat of warming water (4.184 J•g-1•°C-1). While ice slurry ingestion has been demonstrated to 
successfully improve aerobic athletic performance (64), especially prior to the commencement of 
exercise, when ingested during steady-state exercise, no differences in end-exercise core 
temperature, relative to a control fluid, have been consistently observed (6). However, whether 
ice slurry ingestion evokes the same transient reduction in sweating and other thermoeffector 
responses and the effect this has on whole-body heat balance has not yet been elucidated. 
Accordingly, this investigation shall be the aim of Chapter 4 in the present thesis. 
As displayed Table 1 in our recent review, we found ice slurry ingestion at rest before 
exercise reliably lowers core temperature. Cold fluid ingestion may be beneficial in this setting 
as sweating has not commenced while at rest and therefore compensatory reductions in sweating 
with fluid ingestion cannot occur if an individual is not sweating. Additionally, as core 
temperature can fluctuate by ~0.5°C without being actively defended, this would allow for core 
temperature to descend by approximately this amount before exercise (38). However, as 
indicated in Table 1, the rate of increase in core temperature is typically greater with ice slurry 
ingestion compared to the control fluid (Yeo et al.(70), +0.016°C·min-1; Siegel et al.(60), 
+0.008°C·min-1; Stevens et al.(62), +0.007°C·min-1) but not always greater (Byrne et al. (7), -
0.007°C·min-1). This greater rate of increase in core temperature may be due to a delayed onset 
of sweating, and possibly the vasodilatory response, as evident with whole-body forms of pre-
cooling (31), however, this idea has not yet been investigated and will be the primary aim of 
Chapter 5 in this thesis.
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Table 1. Data from review by Jay and Morris 2017 (27). Aggregate of studies using cold water or ice ingestion as a pre-cooling intervention prior to exercise  
Reference 
 
n 
 
Ta 
 
RH 
 
Tfluid 
 
TC @ rest 
 
TC post-cooling 
 
End-trial TC 
 
ΔTC/time 
 
Volume 
 
Sweat rate 
 
  (°C) (%) (°C) (°C) (°C) (°C) (°C·min-1) (ml) (gh-1) 
    CLD, CON CLD, CON CLD, CON CLD, CON CLD, CON  CLD, CON 
Lee et al. 2008 (34)  8 35 60 4, 37 36.9, 36.9 36.4, 36.8 39.5, 39.5 0.049, 0.052 300 1220, 1400 
Byrne et al. 2011 (7) 7 32 60 2, 37 37.3, 37.3 36.9, 37.1 38.2, 38.6 0.043, 0.050 900 770, 980 
Siegel et al. 2010 (59) 10 34 55 Ice, 4 37.2, 37.1 36.5, 36.8 39.4, 39.1 0.058, 0.057 599 1890, 2050 
Siegel et al. 2012 (60) 8 34 52 Ice, 37 37.1, 37.1 36.7, 37.1 39.8, 39.5 0.059, 0.051 586 2060, 2280 
Yeo et al. 2012 (70) 12 28 75 Ice, 31 37.5, 37.4 37.0, 37.3 40.2, 39.8 0.071, 0.055 511 1130, 1110 
Naito and Ogaki 2015 (43) 9 35 30 Ice, 4 37.1, 37.2 36.8, 37.1 38.9, 38.9 0.042, 0.043 768 1800, 1700 
Gerrett et al. 2016 (21) 12 31 41 Ice, 23 37.3, 37.3 36.7, 37.3 38.5, 38.9 0.058, 0.052 551 500, 510 
Stevens et al. 2016 (62) 11 33 46 Ice, 22 37.2, 37.2 36.9, 37.2 39.0, 39.1 0.080, 0.073 548 NA 
Naito et al. 2017 (42) 7 35 30 Ice, 4 37.1, 37.1, 37.1 36.6, 36.7, 37.0 38.8, 38.7, 38.6 0.048, 0.052, 0.050 530 820, 1200, 720 
Ta, ambient temperature; RH, relative humidity; Tfluid, fluid temperature; Tc, core temperature; CLD, cold; CON, control; NA, not 
applicable.   
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While the scenarios discussed thus far in this thesis are primarily from the exercise and 
sports science literature, the primary physical and physiological principles that determine the 
effectiveness of a given cooling strategy during passive heat stress, such as during an extreme 
heat event (i.e. heatwave), are the same.  Indeed, while accurate information pertaining to the 
effectiveness of cooling interventions during heatwaves is potentially more important than 
during sport due to the ramifications on human health and wellbeing, there is a considerable 
dearth of information in this context.  
The global impact of heatwaves 
In Australia and globally, mean yearly temperatures and adverse weather events are on 
the rise (1, 50) with heatwaves, characterised by prolonged bouts of extreme ambient 
temperatures and often humidity, consistently responsible for the greatest rates of morbidity and 
mortality (15, 35). Various examples include: the 2003 European heatwave which caused 70,000 
deaths (48), and the 1995 Chicago heatwave that was responsible for 700 deaths. Additionally, 
the number of fatalities during a heatwave can be worsened by power outages arising from the 
unsustainable demand for electrical power during heatwaves (14). For example a disruption to 
power during 2003 heatwave in New York resulted in a 44% increase in otherwise preventable 
deaths (2). Further, air conditioner use is increasing at a dramatic rate, with a predicted 700 
million new air conditioning units to be in use worldwide by the year 2030 (58). This accelerated 
usage outstrips the pace of upgrade to existing electricity supply systems in many regions and 
will likely increase the frequency and associated health burden of power outages in the future. As 
such, there is an urgent need for accurate, evidence-based public health recommendations for 
effective heat management strategies in order to protect the vulnerable without access to air 
conditioning (68). Further, identification of effective methods to mitigate heat stress without the 
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use of any electricity is needed totemper the increase in deaths observed during power outages 
caused by heatwaves (2) as well as to preserve electricity supply during these periods of high 
demand to prevent power outages from occurring at all (51).  
Evidence underpinning recommended cooling strategies during heatwaves 
Electric fans provide a simple cooling strategy with as much as 50-times less electricity 
and cost of air conditioning (73). Yet, many national and international health organizations such 
as the Environmental Protection Agency (74) and Centre for Disease Control (13) in the United 
States, the National Health Service in the United Kingdom (75), the State Government of 
Victoria in Australia (65), and World Health Organisation (76) currently advise against the use 
of electric fans in heatwaves. Critical ambient temperatures at which fan use is commonly 
discouraged range from as low as 32.3°C with 35% relative humidity (69) to between 35.6°C and 
37.2°C without humidity stated (13). Surprisingly, these recommendations do not seem to be 
based on any experimental evidence, as a recent review by the Cochrane Collaboration entitled 
“Electric fans for reducing adverse health impacts in heat waves” concluded no evidence 
currently exists in the literature supporting or refuting the use of electric fans during heat waves 
(25).  
The reasons given for these recommendations are because skin temperature in hot 
environments typically ranges between 32-37°C and therefore, as demonstrated in Figure 3, it is 
at approximately these temperatures that heat loss to the environment by convection becomes 
convective heat gain from the environment (13, 76). Also demonstrated in Figure 3, a greater air 
movement with fan use will increase convective heat transfer – be it to or from the environment. 
Therefore, the present health recommendations to not use fans at temperatures above ~36°C are 
likely to protect against accelerated convective heat gain. However, in addition to increasing 
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convective heat transfer, a greater air flow has a strong effect on the potential for evaporative 
heat loss, by increasing the maximum evaporation possible in a given environment (Figure 3, left 
panel) as well as increasing sweating efficiency – the amount of evaporated sweat which 
contributes to heat loss compared to the total amount of sweat produced (Figure 3, right panel).  
 
Figure 3. The left panel displays how convective (C; triangles), and maximal potential evaporative heat loss (E; 
circles at 10% relative humidity and squares at 50% relative humidity) change as a function of ambient temperature 
with (open symbols) and without (closed symbols) air flow. The right panel demonstrates how sweating efficiency 
changes as a function of relative humidity in 40°C and 46°C ambient temperature with (open symbols) and without 
air flow (closed symbols). 
For example, in Figure 3 at 40°C and 50%RH– a condition that would be discouraged by 
current public health authority guidance and similar to historical heatwave conditions observed 
in the 1995 Chicago heatwave and 2003 Paris heatwave – a greater air flow increases convective 
heat gain by ~30 W, whereas the maximum amount of evaporative heat loss, if the skin is 
completely wet, increases by ~500 W. Therefore, by comparing the net heat transfer from 
increased convective heat gain and evaporative heat loss, fan use would increase total heat loss 
of ~470 W, demonstrating a net beneficial effect of fan use. Additionally, sweating efficiency 
(the percentage of secreted sweat that actually evaporates from the skin and thus provides a 
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cooling effect) in the 40°C and 50%RH is predicted to improve from 68% to 96%. As such, 
under these conditions an individual would theoretically be cooler with the use of an electric fan. 
Under very hot but dry conditions (such has the 46°C and 10% RH conditions of the 
2009 heatwave in Adelaide, Australia), however, the maximum possible evaporative heat loss 
even without a fan is very high, and sweating efficiency is ~100%. A greater air flow with a fan 
would therefore not improve sweating efficiency as all sweat already evaporates even without 
fan use. Nevertheless, fan use would still increase convective heat gain meaning that in this 
scenario, fan use may actually be detrimental. While these models provide insight into reasons 
why current health recommendations may be incorrect, experimental testing in humans must be 
undertaken. Hence, this will be the primary aim of Chapter 6 in the current thesis. 
Finally, the most commonly recommended personal cooling strategy during heatwaves is 
water ingestion (13, 65, 75). However, as highlighted above, there is ample evidence to suggest 
that cold water ingestion is not effective at reducing thermal strain (3, 39, 40). Also highlighted 
above, the need for effective low-cost cooling interventions is important as heatwaves are 
considerable more dangerous for those who do not have access to air conditioning (46, 57). 
Therefore, as health guidelines typically assume that individuals have access to water, perhaps 
there are more efficacious methods of using readily-available tap water as a source of cooling 
during a heatwave. One such method of cooling which is sometimes recommended during 
heatwaves is to immerse the feet in cool water (77). Indeed, submerging the lower limbs in cool 
water may elicit a much larger amount of heat transfer due to the high level of vascularization 
and greater surface-to-volume ratio of the lower-leg and feet (24). Arguably, however, rather 
than consuming or submerging limbs in cold fluids, water applied directly to the skin may be the 
optimal approach for diminishing thermal strain during heatwaves. Particularly in very hot-dry 
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conditions, water applied to the skin will evaporate freely, and the amount of heat lost through 
the evaporation of one gram of water (2430 J•g1) dwarfs the potential for heat loss via 
conduction (4.184 J•g-1•°C-1) (41). However, these interventions have not been experimentally 
tested in humans during simulated heatwave exposures. Therefore, this shall be the primary aim 
of Chapter  in the present thesis. 
RATIONALE AND STATEMENT OF THE PROBLEM 
Behavioural thermoregulatory strategies are ideal for managing thermal stress as they 
often operate at far lower cost to bodily resources than physiological responses. How effective 
these interventions are, however, will be largely dependent upon the environmental conditions as 
well as how the body potentially compensates physiologically. Particularly, ambient temperature, 
humidity and air speed will dictate how much dry heat loss or gain and how much evaporative 
heat loss can occur in any given environment. Alternatively, the thermoregulatory control 
system, which detects thermal stimuli and adjusts accordingly to maintain heat balance therefore 
may counteract the intended intervention. The oversight of these factors can lead to ineffective 
heat stress mitigation advice, which may in some cases prove dangerous. 
The purpose of the present thesis is to first further mechanistically explore and 
characterise how the body detects and counteracts exogenous cooling and heating loads applied 
internally (i.e. fluid ingestion) during periods of thermal stress (studies 1-3). Secondly, this thesis 
sought to investigate how ambient temperature, humidity and air speed interact to modify heat 
balance in distinctly different, but commonly experienced, simulated heatwave conditions (study 
4). Finally, this thesis sought to determine the optimal cooling strategies during hot-dry heatwave 
conditions which could be applied in isolation or in conjunction with electric fan use and simply 
use readily-available tap water (study 5).      
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OBJECTIVES AND HYPOTHESES 
The specific objective and hypotheses governing each of the original research chapters 
are as follows: 
Study 1: To determine whether ingestion of different fluid temperatures would modify 
cold-defence thermoeffectors (i.e. shivering), as represented by metabolic rate and 
electromyographic activity, as well as whole-body thermal sensation in the cold, independently 
of differences in core, skin, and mean body temperature. A secondary aim was to determine 
whether shivering would be proportionately modified relative to the thermal stimuli applied. 
Hypothesis: Compared to a thermoneutral fluid (37°C), ingesting hot (52°C) fluids 
would decrease shivering responses, while ingesting cool (22°C) and cold (7°C) fluids would 
increase shivering and that all modifications to shivering would occur independently of any 
differences in core, skin, or mean body temperature. 
Study 2: To compare the magnitude of reduction in the potential for evaporative heat loss 
from the skin with the large difference in internal heat loss induced by the ingestion ice slurry 
relative to the ingestion of a thermoneutral fluid (37°C) during exercise at a fixed metabolic heat 
production in a hot environment. The second aim was to assess whether the maintenance of heat 
balance following the ingestion of an ice slurry is achieved solely via modulations of sudomotor 
output, or if supplemental modulations of skin blood flow occur in parallel and determine if these 
thermoeffector modulations occur independently from differences in core and skin temperature. 
Hypothesis: It was hypothesized that, i) relative to 37°C fluid, the large internal heat loss 
with ice slurry ingestion would be paralleled by a significantly smaller reduction in evaporative 
potential from the skin, leading to a greater net heat loss and smaller body heat storage and ii) 
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both sudomotor and local skin blood flow would be reduced independently of any reductions in 
core or skin temperature. 
Study 3: To determine whether hot and cold water ingestion prior to the start of exercise 
affects the onset and sensitivity of the main physiological responses to heat stress: local sweat 
rate and skin blood flow. 
Hypothesis: It was hypothesized that fluid ingestion prior to exercise would affect the 
onset thresholds but not the thermosensitivities of the responses. Specifically, it was 
hypothesized that relative to a thermoneutral beverage, the onset of the local sweat rate and skin 
blood flow responses would be delayed with 1.5°C water ingestion whereas the onset would 
occur more quickly with 50°C. 
Study 4: To assess whether electric fan use is beneficial for reducing thermal and 
cardiovascular strain as well as measures of dehydration in very hot and dry heatwave conditions 
(Adelaide 2009, 46°C [115°F] with 10% relative humidity; Heat Index: 43°C [110°F]); and ii) 
contrast these responses with the effect of fan use observed in cooler but much more humid 
heatwave conditions (Chicago 1995, 40°C with 50% relative humidity) yielding a higher heat 
index (55°C [131°F]). 
Hypothesis: It was hypothesized that fan use would exacerbate thermal and 
cardiovascular strain as well as dehydration in very hot/dry heatwave conditions. Further, despite 
a higher heat index, fan use would mitigate the development of thermal and cardiovascular strain 
with negligible dehydration effects at hot/humid heatwave conditions. 
Study 5: To determine the most effective way to utilize tap water to mitigate thermal and 
cardiovascular strain as well as thermal discomfort and dehydration during hot and dry heatwave 
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conditions (46°C, 10% relative humidity). Specifically, three different ways of externally 
utilizing water in combination with water ingestion were compared to water ingestion alone: 1) 
externally applying cool water to the skin; 2) externally applying cool water to the skin in 
combination with electric fan use; 3) immersing feet in cool water.  
Hypothesis: It was hypothesized that all three cooling strategies would reduce thermal 
and cardiovascular strain, dehydration and perceived thermal state. It was further hypothesized 
that external skin wetting alone would be the optimal strategy due to a greater increase in 
evaporative heat loss, followed by foot immersion, and that skin wetting with a fan would be 
least effective. 
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ETHICAL APPROVAL  
 Prior to experimentation, ethical approval for the experimental protocol was approved by 
the University of Sydney Human Research Ethics Committee and the University of Ottawa 
Research Ethics Board, when relevant. The reference number for each study are as follows: 
Chapter 3 (University of Sydney HREC 2015/091), Chapters 4 and 5 (University of Sydney 
HREC 2015/545; University of Ottawa REB H06-10-03), Chapter 6 (University of Sydney 
HREC 2015/223 and 2017/477) and Chapter 7 (University of Sydney HREC 2015/223). 
Certificates for all of the above-mentioned successful ethics applications are displayed in full in 
Appendix II at the end of this thesis. 
All studies were in accordance with the Declaration of Helsinki. Written informed 
consent was provided by all volunteers in all studies prior to participating in any data collection. 
In all studies, participants also completed Physical Activity Readiness Questionnaires (PAR-Q) 
and/ or American Heart Association/American College of Sports Medicine Health/Fitness 
Facility Pre-participation Screening Questionnaires before performing any exercise. 
PARTICIPANTS 
 All participants recruited for this thesis were healthy males between the ages of 18 and 40 
years. To be included in any of the studies, participants had to be regarded as “healthy”. 
Exclusion criteria included being on prescription medication, being a smoker and having any 
currently diagnosed medical conditions including but not limited do: metabolic, cardiovascular, 
and respiratory disorders.  The participants were instructed to refrain from consuming alcohol or 
partaking in any strenuous physical activity for 24 hours prior to testing, to refrain from 
consuming caffeine the day of testing, and to maintain a consistent routine (e.g. sleep schedules 
and diet) during the day before and the day of experimental sessions.  
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MEASUREMENTS 
All thermometric measurements were displayed in real-time using LabView (v7.0, 
National Instruments, Austin, TX, USA) at a sampling rate of 5 seconds. 
Rectal temperature   
Rectal temperature (Tre) was measured using a paediatric thermistor probe (Mon-a-therm 
General Purpose Temperature Probe 400TM, Covidien, Mansfield, USA) inserted to a minimum 
of 12 cm past the anal sphincter.  
Skin temperature 
In all studies, skin temperature was measured at four points over the right side of the 
body using thermistors integrated into heat flow sensors (2252 Ohms, Concept Engineering, Old 
Saybrook, CT, USA). The sensors were attached using double-sided adhesive discs and surgical 
tape (Transpore, 3M, London, ON, Canada). Mean skin temperature (Tsk) was expressed as an 
average of the four sites using the weighting of 30% (chest), 30% (arm), 20% (thigh), 20% (calf) 
(16).  
Mean body temperature 
Mean body temperature (Tb) was estimated using a weighting of 0.9 × Tre and 0.1 × Tsk, 
As core temperature has a 9-10 times greater influence over thermoreffector responses compared 
to mean skin temperature (9, 14).  
Metabolic rate 
Metabolic data was continuously measured throughout rest and cooling using a Quark 
CPET metabolic cart (Cosmed, Rome, Italy). Subjects donned a rubber face mask and were 
asked to ensure a proper seal between the face and the mask had been formed by covering the 
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inspiration/expiration opening and exhaling, verifying no air could escape from the edges of the 
mask. During the trial, participants were asked to breathe normally. Metabolic rate (M) was 
calculated from minute-average values for oxygen consumption in litres per minute, and the 
respiratory exchange ratio (15), and reported in watts.  
Electromyography  
Shivering electromyography (EMG) signals were recorded simultaneously from eight 
muscle sites located on the left side of the body: upper trapezius, latissimus dorsi, pectoralis 
major, rectus abdominis, vastus lateralis, rectus femoris, vastus medialis, and gastrocnemius. 
These muscles were selected as they have been used in previous investigations into shivering 
using similar protocols (11, 12) and have been demonstrated to be responsible for >90% of 
metabolic heat production during cold exposure (2).  The skin was prepared with alcohol and an 
abrasive gel to reduce skin impedance. Two surface electrodes (100 series, Covidien,Mansfield, 
MA, USA) were placed over each measurement site, two cm apart and parallel to the orientation 
of the muscle fibers (1). Inter-electrode resistances were always ensured to be <10 kW.  EMG 
signals were amplified and filtered (EMG 100B/C BIOPAC Systems Inc., California, USA; gain 
100-1000, bandpass filtered between 10 and 500 Hz) before transferring to a PC with a 16 bit 
analog to digital converter (MP150, BIOPAC Systems Inc., California, USA) at a sample rate of 
2000 Hz using AcqKnowledge software (v3.9.0, BIOPAC Systems Inc., California, USA).  
Six isometric maximal voluntary contraction (MVC) tests were performed on each testing 
day at the completion of the experiment while the participants were still being cooled, to ensure 
skin temperature was the same during the tests as it was during fluid ingestion. The MVC tests 
were based on those recommended in the literature (3, 8, 17): 1) palm press at shoulder 
adduction at 90°, 2) shoulder extension at 30° abduction, 3) knee extension at 15°, 4) knee 
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flexion at 15°, 5) plantar flexion in a neutral position, and 6) dorsiflexion at 15° plantar flexion. 
Each test lasted 5 s: 1 s to reach maximum, 3 s sustained maximum; and gradual release over the 
final 1 s with a minimum rest interval of 30 s between repetitions. Strong verbal encouragement 
was provided throughout MVC testing. EMG signals were high pass filtered (10 Hz, dual pass 4th 
order Butterworth), rectified, and low pass filtered (4 Hz, dual pass 4th order Butterworth) using 
(Matlab 2014b, The Math Works, Natick, MA). The MVC for each muscle was taken as the 
maximum during these rectified and filtered signals and was used to normalize the EMG signals 
for that muscle during the trials. The values from the 8 sites were then combined into a non-
weighted average to represent the mean EMG activity as %MVC. Finally, we considered both 
lower levels of EMG activity from increases in tonal muscle contraction and low intensity 
shivering as well as higher levels of EMG activity from bursting muscle contraction as shivering, 
as both forms of muscle contraction contribute to metabolic thermogenic responses in the cold 
(11, 12). 
Heart rate   
In Chapters 3-5, heart rate (HR) was recorded at 5-s intervals throughout the trial using a 
Polar RS400X coded transmitter and stored with a Polar Advantage interface and Polar Precision 
Performance software (Polar Electro Oy, Kempele, Finland). In Chapters 6 and 7, HR was 
measured using 3-lead electrocardiography (Vrije Universiteit Ambulatory Monitoring System, 
Amsterdam, Netherlands).  
Blood pressure 
Blood pressure was measured using an automatic blood pressure cuff (Chapter 3: M10-
IT, Omron, Hoofddorp, Netherlands; Chapters 5-7: Tango M2, SunTech Medical, Morrisville, 
USA) and expressed as mean arterial pressure (MAP).  
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Rate pressure product 
In Chapters 6 and 7, systolic blood pressure was multiplied by HR to give rate pressure 
product (RPP) in order to best characterise cardiovascular strain (10). 
Local sweat rate  
Local sweat rate (LSR) was measured using a 4.0 cm² ventilated capsule placed on the 
right anterior forearm approximately 6 cm distal to the antecubital fossa, and on the upper left 
back over the trapezius muscle mid-way between the neck and the acromion process. Anhydrous 
compressed air was passed through each capsule over the skin surface at a rate of ~1.0 L·min-1. 
Flow rate for each capsule was measured using either an Omega FMA-A2307 flow rate monitor 
(Omega Engineering, Stamford, CT) in Ottawa or a Uniflux SV1S-AI38 316 S/S flowmeter 
(Influx, Hampshire, U.K.) in Sydney. Vapor content of the effluent air was measured using two 
capacitance hygrometers (Series HMT333, Vaisala, Helsinki, Finland). Both hygrometers 
yielded values accurate to 1% RH (~0.036 mg·min-1·cm-2) and were factory calibrated. Values 
for LSR were calculated using the exact flow rate and the difference in water content between 
effluent and influent air. This value was normalized for the skin surface area under the capsule 
and expressed in mg·min-1·cm-2.  
Local skin blood flow  
Local skin blood flow (SBF) was measured using laser-Doppler velocimetry (Ottawa: 
PeriFlux System 5000, Perimed AB, Stockholm, Sweden; Sydney: moorLAB, Moor Instruments, 
Devon, UK) on the upper back by affixing an integrated probe to the skin above the trapezius 
midway between the C-7 vertebrae and the acromion process, near the upper back ventilated 
sweat capsule, as has been previously done (7, 13).  
 
General methods 
 
 
56 
Cutaneous vascular conductance 
Cutaneous vascular conductance (CVC) was determined by dividing the SBF data by 
MAP and subsequently expressing the data as a percentage of resting CVC (%restCVC).  
Whole-body sweat loss 
Whole-body sweat loss (WBSL) was calculated from the difference in  pre- and post-
exercise body mass measurements, corrected for weight gain through fluid ingestion and sweat 
trapped in clothing as has been recommended (5).  
Whole-body thermal sensation  
In Chapter 3, participants reported their whole-body thermal sensation (WBTS) on a 
hand-scored 200 mm visual analogue scale (anchor points: Very cold [0 mm] and Very hot [200 
mm]; middle point: Neutral [100 mm]). These measurements were taken exactly 5 min before 
and after fluid ingestion. In Chapters 6 and 7 WBTS was reported on a hand-scored 120 mm 
visual analogue scale with anchor points every 20 mm which stated the following: cold, cool, 
slightly cool, neutral, slightly warm, warm and hot. 
Whole-body thermal comfort 
In Chapters 6 and 7, participants reported their whole-body thermal discomfort (WBTC) 
on hand-scored 120 mm visual analogue scale with anchor points every 30 mm which consisted 
of: not uncomfortable, slightly uncomfortable and very uncomfortable.   
STATISTICAL ANALYSIS  
All data within this thesis are expressed as a mean with standard deviation, unless 
otherwise stated. In all chapters, all analyses which employed two independent variables were 
analyzed with 2-way repeated measures ANOVAs. Similarly, all analyses which employed one 
independent variable with more than two levels were analyzed with a one-way repeated 
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measures ANOVA. When significant main effects or interactions were found in either the one or 
two-way repeated measures ANOVAs, individual differences were assessed using independent 
Student’s t-tests, while maintaining a fixed probability (5%) of making a type I error by using a 
Holm-Bonferroni correction. If a comparison was made where only one independent variable 
with only two levels were compared, a Student’s dependent samples t-test was employed.  
 In addition to statistical hypothesis testing, in Chapters 4 and 5, effect sizes were also 
given for all comparisons made with ANOVAs and t-tests. The effect size of each ANOVA was 
calculated and reported as an eta-squared value (#2), where 0.01 is a small effect size, 0.09 is a 
medium effect size and 0.25 is a large effect size (6). The effect size of each t-test was calculated 
and reported as Cohen’s d (d), where 0.20 is a small effect size, 0.50 is a medium effect size and 
0.80 is a large effect size (6). 
 Also, in Chapter 5, the thermosensitivity for each participant was determined using a 
simple linear regression for the period of linear increase in LSR, SBF and CVC following the 
onset of each response until the first water ingestion (at 15 min of exercise). Onset thresholds 
were determined using segmental liner regression and defined as the intercept of the first slope 
(thermoeffector values at rest) and second slope (the linear increase of the thermoeffector 
response) (4). 
 Finally, in Chapter 6, water usage between the fan and sponge and sponge trials was 
compared using a paired student’s t test and Pearson’s correlation coefficient was determined in 
order to investigate the relationship between the participant’s water usage and the trial means of 
the dependent variables defined above. 
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All statistical analyses were performed with GraphPad Prism (version 6.0, GraphPad 
Software, La Jolla, CA). The exact time points and averages used in the comparisons for each 
study are listed within each chapter. 
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Chapter 3: Evidence of viscerally-mediated cold-defence 
thermoeffector responses in man 
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ABSTRACT:  
Sudomotor activity is modified by both warm and cold fluid ingestion during heat stress, 
independently of differences in core and skin temperatures, suggesting independent viscerally-
mediated modification of thermoeffectors. The purpose of the present study was to determine 
whether visceral thermoreceptors modify shivering responses to cold stress. Ten males (27±5y, 
1.73±0.06m, 78.4±10.7kg) underwent whole-body cooling via 5°C water perfusion-suit, on four 
occasions, to induce a steady-state shivering response, at which point two aliquots of 1.5 ml/kg 
(SML) and 3.0 ml/kg (LRG), separated by 20-min, of either 7°C, 22°C, 37°C or 52°C water were 
ingested. Rectal, mean skin and mean body temperature (Tb), electromyographic activity 
(EMG), metabolic rate (M) and whole-body thermal sensation on a visual analogue scale 
(WBTS) ranging from 0mm [very cold] to 200mm [very hot] were all measured throughout. Tb 
was not different between all fluid temperatures following SML (7°C:35.7±0.5°C, 
22°C:35.6±0.5°C, 37°C:35.5±0.4°C, 52°C:35.5±0.4°C; P=0.27) or LRG (7°C:35.3±0.6°C, 
22°C:35.3±0.5°C, 37°C:35.2±0.5°C, 52°C:35.3±0.5°C; P=0.99) fluid ingestion. With SML 
ingestion, greater metabolic rate and cooler thermal sensations were observed with 7°C 
(M:179±55W, WBTS:29±21mm) compared to 52°C (M:164±34W, WBTS:51±28mm; all 
P<0.05) ingestion. With LRG ingestion, compared to shivering and thermal sensations with 37°C 
ingestion (M:215±47W, EMG:3.9±2.5%MVC, WBTS:33±2mm) values were different (all 
P<0.05) following 7°C (M:269±77W, EMG:5.5±0.9%MVC, WBTS:14±12mm), 22°C 
(M:270±86W, EMG:5.6±1.0%MVC, WBTS:18±19mm) and 52°C (M:179±34W, 
EMG:3.3±2.1%MVC, WBTS:53±28mm) ingestion. In conclusion, ingesting 52°C fluids 
decreased shivering and the sensation of coolness, whereas 22°C and 7°C fluids increased 
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shivering and sensations of coolness to similar levels, independently of core and skin 
temperature.   
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INTRODUCTION 
 Traditionally in models of human thermoregulation, hot and cold defence responses are 
primarily driven by thermoreceptors within the hypothalamus and modified by afferent inputs 
from peripheral cutaneous thermoreceptors (43). Conversely in animal models of 
thermoregulation, multiple locations for peripheral thermoreceptors which modify 
thermoeffector responses have been identified, including: muscle (18), cutaneous (19) and 
possibly abdominal (12) veins, spinal column (30), upper airway (27), abdominal wall (32), 
lower oesophagus (13), stomach (13, 31) and small intestine (31). Additionally, several 
peripheral thermoreceptors responsible for modifying non-thermoregulatory responses, such as 
inducing bladder contractions, have been identified (15).  
 Recently, we demonstrated warm and cold fluid administration via ingestion and direct 
delivery to the stomach via a nasogastric tube, but not mouth swilling, modified sudomotor 
responses in the heat, independently of differences in core and skin temperatures (20). Later, 
these findings were expanded upon, as similar responses were observed with ice slurry ingestion, 
including the modification of vasomotor activity (21). From a thermal control perspective, the 
modification of sudomotor activity by both cold and warm fluid ingestion was likely the result of 
warm and cold visceral thermoreceptors influencing thermoeffector activity in a manner 
comparable to cutaneous thermoreceptors, as both spinal tract visceral and cutaneous 
thermoreceptors follow similar central circuitry pathways (23). Therefore, the ingestion of warm 
fluids would likely lead to excitation of warm-sensitive neurons in the hypothalamus (25), 
whereas the ingestion of cool and cold water would excite inhibitory neurons within the 
hypothalamus which then project to the warm-sensitive neurons in the preoptic area of the 
hypothalamus (26). In the present study, similar findings in the cold should be observed, 
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whereby cold thermoeffector responses (i.e. shivering) should be increased by cold fluid 
ingestion stimulating cold thermoreceptors, leading to inhibition of warm-sensitive neurons in 
the hypothalamus whereas warm fluid ingestion would lead to excitation of warm-sensitive 
neurons and an inhibition of cold thermoeffector responses (22, 37, 38, 41). 
 Previously, modifications to heat-defence thermoeffector responses (sudomotor and 
vasomotor) have been sufficient to negate the effects of ingesting aliquots of and 1.5°C, 10°C 
and 50°C fluids (2), as well as ice slurry ingestion (21). The adequacy of these responses to a 
variety of temperature stimuli suggests that not only do visceral thermoreceptors exist, but also 
possess sizeable representation and integration within the central nervous system, which is 
consistent with the large visceral thermal and sensory integration previously demonstrated in 
animals (23). Additionally, the administration of graded fluid temperatures to various areas of 
the gastrointestinal tract in humans has consistently elicited a perceptual response, but 
inconsistently elicited a thermally-mediated gastric tension response (42). This disparity between 
perceptual and physiological responses likely stems from the unique integration pathways that 
have been demonstrated between afferents evoking physiological and perceptual responses (24, 
28). 
 The aim of the present investigation was to determine whether ingestion of different fluid 
temperatures would modify cold-defence thermoeffectors (i.e. shivering), as represented by 
metabolic rate and electromyographic activity, as well as whole-body thermal sensation in the 
cold, independently of differences in core, skin, and mean body temperature. A secondary aim 
was to determine whether shivering would be proportionately modified relative to the thermal 
stimuli applied. It was hypothesized that compared to a thermoneutral fluid (37°C), ingesting hot 
(52°C) fluids would decrease shivering responses, while ingesting cool (22°C) and cold (7°C) 
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fluids would increase shivering and that all modifications to shivering would occur 
independently of any differences in core, skin, or mean body temperature.  
METHODS 
Participants 
 A power calculation using G*Power 3 software (Heinrich-Heine-Universität Düsseldorf, 
Germany (14)) was performed employing an α of 0.05, a β of 0.20, and an effect size of 1.0, 
calculated from the smallest significant difference between metabolic rate during low and 
moderate shivering (17). A sample size of 10 individuals was determined for sufficient statistical 
power. Therefore, ten healthy young men were recruited to participate in the experiment (age: 27 
± 5 y; body mass: 78.4 ± 10.7 kg, height: 1.73 ± 0.06 m). 
Protocol 
In order to isolate the independent effect of visceral thermoreceptors on cold-defence 
thermoeffector responses, an open-loop study design was employed. This design consisted of 
maintaining core and skin temperature at a fixed point, while thermal stimuli were applied to the 
abdomen via fluid ingestion. This study design was based on previous investigations into 
regional cutaneous thermosensitivity in humans (11). Participants were cooled for 40 min prior 
to any fluid administration in order to achieve steady-state shivering, as well as relatively steady-
state core and skin temperature. The duration required to achieve steady-state was determined 
through pilot testing. The cooling was performed by circulating 5°C water through a perfusion 
suit (One-piece Coretec, Delta Temax, Inc., Pembroke, ON, Canada). The temperature perfusing 
the suit was monitored continuously using a thermistor (TM400, Covidien, Mansfield, MA, 
USA) at the inlet of the suit. The water temperature used was selected to induce a moderate level 
of shivering [i.e. ~300 W or approximately half of the maximal shivering response (17)]. 
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Participants were in a semi-reclined position throughout the duration of the experiment,and 
underwent 15 min of rest in a thermoneutral room (22°C, 50%RH) before ambient temperature 
was lowered to 15°C, 50%RH when cooling began. 
 In order to assess how shivering and whole-body thermal sensation responses would 
respond to an array of thermal stimuli, four fluid temperatures: cold (7°C), cool (22°C), 
thermoneutral (37°C), and hot (52°C); and two volumes: small (1.5 ml/kg of body mass; SML) 
and large (3.0 ml/kg of body mass; LRG) were used. The resultant range of ingested fluid 
volumes was between 100-150 ml for the SML aliquot and 200-300 ml for the LRG aliquot. 
These volumes were selected so that the larger of the two volumes was not sufficiently large to 
affect rectal temperature via local cooling (which began to occur with aliquots of 3.5 ml/kg) and 
for the small volume to be half the size of the large volume. The participants were instructed to 
ingest the SML aliquot in under 30 s and the LRG aliquot in under 1 min, as had been done in 
earlier studies (2, 20, 21). The temperatures were specifically selected in order to administer 
thermal stimuli of similar magnitudes but opposite direction, relative to an approximate core 
body temperature of 37°C (i.e. 52°C = 37°C +15°C; 22°C = 37°C-15°C) and to administer 
approximately double the negative thermal stimuli on the cold side (i.e. 22°C = 37°C-15°C; 7°C 
= 37°C-30°C). Additionally, by administering fluids of precisely double the volume, we were 
able to assess whether the modifications of the responses would be twice as large. The above was 
accomplished through four experimental trials, each consisting of a SML and LRG ingestion of 
the same temperature fluid at 40 and 60 min of cooling, respectively. This order of ingestion was 
maintained for all trials as the response time for the SML ingestion was shorter than the LRG 
ingestion and we required the metabolic responses to return to 37°C trial levels prior to the 
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administration of the LRG fluid. Conversely, the order of temperature ingestion between trials 
was performed in a counterbalanced manner, using an incomplete Latin square design. 
Measurements  
The measurements taken, or subsequently determined from other measurement, for this 
study included: metabolic rate (M), electromyography (EMG), rectal temperature, (Tre) mean 
skin temperature (Tsk), mean body temperature (Tb), whole-body thermal sensation (WBTS), 
heart rate (HR), mean arterial pressure (MAP). For a detailed description of how the 
measurements were taken or calculated, please refer to Chapter 2.  
Statistical analyses 
For an overview of the statistical analyses used, see Chapter 2. Thermometric (suit 
temperature, Tre, Tsk and Tb), physiological (M, EMG, MAP and HR) and perceptual (WBTS) 
responses were compared using the 10-min and 15-min post-ingestion averages for the SML and 
LRG ingestions, respectively. Additionally, in order to isolate the effect of the fluid ingestion on 
thermoeffector response, a second comparison was made whereby all responses were 
standardised to the 37°C condition by subtracting the 37°C values from all other trials as well as 
subtracting the 2 min pre-ingestion averages from all values in order to remove any within-trial 
pre-ingestion differences. For WBTS and MAP, data were standardized to the 5 min pre-
ingestion averages. Accordingly, all responses and change in responses following fluid ingestion, 
relative to the 37°C trial, for thermometric, physiological and perceptual data were analysed 
using a two-way repeated measures ANOVA employing the independent variables of fluid 
temperature (absolute comparison, 4 levels: 7°C, 22°C, 37°C, 52°C; relative to 37°C 
comparison, 3 levels: 7°C, 22°C, 52°C) and ingestion size (2 levels: SML, LRG). Additionally, 
in order to ascertain the mean latency and duration of the shivering response following ingestion, 
Viscerally-mediated cold-defence thermoeffectors 
 
 
69 
M and EMG values from the 37°C trial were subtracted from those of the 7°C, 22°C and 52°C 
trials, and the change in thermoeffector responses were compared for 22 min post-ingestion, 
relative to the 1-min average immediately prior to ingestion. These data were assessed using a 
two-way repeated measures ANOVA, employing the independent variables of post-ingestion 
time (0 to 22 min) and fluid temperature (3 levels: 7°C, 22°C, 52°C). 
RESULTS 
Suit water temperature 
 The water temperature entering the suit was the same temperature between trials (7°C: 
4.6±0.2°C, 22°C: 4.4±0.6°C, 37°C: 4.7±0.5°C, 52°C: 4.5±0.3°C; P=0.37).  
Core and skin temperatures 
 The 1-min average data for all thermometry data is displayed in Figure 1. Fluid 
temperature had no effect on Tre (P=0.47), Tsk (P=0.71), or Tb (P=0.46).  
Metabolic rate 
 The 1-min average data for M are displayed in Figure 1 and the change in M following 
fluid ingestion, relative to the 37°C trial, are displayed in Figure 2. Both fluid temperature and 
fluid size affected M (P<0.01). Following the SML ingestion, M was greater in the 7°C 
compared to 52°C trial, (P=0.05) but no other differences were found (P>0.05). Following LRG 
ingestion, M was greater in the 7°C and 22°C compared to both the 37°C and 52°C trials 
(P<0.05). Additionally, M was smaller in the 52°C compared to the 37°C trial (P<0.05) and not 
different between the 7°C and 22°C trials (P=0.98). The same trends in the data were observed 
after accounting for pre-ingestion differences and relative to the 37°C values (Figure 2). 
Viscerally-mediated cold-defence thermoeffectors 
 
 
70 
 
Figure 1. One-minute averages (±SD), in clockwise order starting from top left for: rectal temperature (Tre), 
metabolic rate (M), electromyographic activity (EMG), heart rate (HR), mean body temperature (Tb) and skin 
temperature (Tsk). The coloured lines represent the 7°C (blue), 22°C (green), 37°C (orange) and 52°C (red) trials, 
respectively. The grey area denotes rest before cooling and the solid lines denote fluid ingestion. Statistical analyses 
are absent from the graph for clarity. See text for the interpretation of the data. 
 The 1-min averages for M, after accounting for pre-ingestion differences and relative to 
the 37°C values (Figure 3), were not different after the SML ingestion (P=0.35) but differed after 
the LRG ingestion (P<0.001). Specifically, M was greater than baseline after 4 min and 5 min 
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with the 22°C and 7°C trials, respectively, and remained lower until 20 min post-ingestion for 
both the 22°C and 7°C trials. In the 52°C trial, M was greater than baseline after 2 min and 
remained greater until 15 min post-ingestion.   
 
Figure 2. Mean change in cold-defence physiological responses (±SD), from 2 min before to 10 min (SML) or 15 
min (LRG) after fluid ingestion, relative to the 37°C trial, for metabolic rate (M) and electromyographic activity 
(EMG). The coloured bars represent the 7°C (blue), 22°C (green) and 52°C (red) trials, respectively. Where * 
denotes 7°C or 22°C > 52°C (P<0.05).  
Electromyographic activity 
 The 1-min average data for EMG are displayed in Figure 1 and the change in EMG 
following fluid ingestion, relative to the 37°C trial, are displayed in Figure 2. Both fluid 
temperature and fluid size affected EMG (P=0.04). Following the SML ingestion, EMG was 
greater in the 7°C compared to 52°C trial, (P<0.01) but no other differences were found 
(P>0.05). Following LRG ingestion, EMG was greater in the 7°C and 22°C compared to both the 
37°C and 52°C trials (P<0.05). Additionally, EMG was lower in the 52°C compared to the 7°C 
trial (P<0.05) and not different between the 7°C and 22°C trials (P=0.60).  
 The 1-min averages for EMG, after accounting for pre-ingestion differences and relative 
to the 37°C values (Figure 3), were not different after the SML ingestion (P=0.24) but differed 
with the LRG ingestion (P=0.05). Specifically, EMG was greater than baseline after 1 min and 3 
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min with the 22°C and 7°C trials, respectively, and remained lower until 21 min and 20 min 
post-ingestion for the 22°C and 7°C trials, respectively. In the 52°C trial, EMG was greater than 
baseline after 1 min and remained greater until 9 min post-ingestion.   
 
Figure 3. Change in thermoeffector responses (±SD) from baseline (i.e. relative to the 1 min average prior to 
ingestion, standardized to the 37°C condition in order to account for any differences in responses prior to ingestion). 
The top panels depict the changes following the 1.5 ml/kg (SML) ingestion and the bottom panels depict the changes 
following the 3.0 ml/kg (LRG) ingestion. Left columns illustrate change in metabolic rate (M) and right columns 
illustrate change in electromyographic activity (EMG). The coloured lines represent the 7°C (blue), 22°C (green) 
and 52°C (red) trials, respectively. Dashed (7°C), black (22°C) and dotted (52°C) are significantly different to 37°C 
(P<0.05).  
Heart rate and blood pressure 
 The 1-min average data for HR is displayed in Figure 1. HR was different between fluid 
temperatures and time points (P<0.001). No differences in HR were observed before (P>0.05) or 
after SML ingestion (P>0.05). No differences existed in advance of the LRG ingestion (P>0.05). 
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Following the LRG ingestion, HR was lower in the 52°C compared to the 22°C (P<0.01) and 
7°C (P<0.01) trials.  
 
Figure 4. Mean perceptual responses (±SD), left side panels represent whole-body thermal sensation (WBTS) 5 min 
before and 5 min after fluid ingestion and right side panels represent the change in WBTS from pre to post ingestion, 
relative to the 37°C trial. The coloured bars represent the 7°C (blue), 22°C (green) and 52°C (red) trials, 
respectively. Where # denotes 7°C or 22°C < 52°C (P<0.05). 
Whole-body thermal sensation 
 The change in thermal sensation data following fluid ingestion, relative to the 37°C trial, 
are displayed in Figure 4. Both fluid temperature and fluid size affected WBTS (P<0.01). 
Following the SML ingestion, WBTS was lower (colder) in the 7°C compared to 52°C trial, 
(P<0.01) but no other differences were found (P>0.05). Following LRG ingestion, WBTS was 
lower (colder) in the 7°C and 22°C compared to both the 37°C and 52°C trials (P<0.05). 
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Additionally, WBTS was greater (warmer) in the 52°C compared to the 7°C trial (P<0.05) and 
not different between the 7°C and 22°C trials (P=0.45).  
 Mean arterial pressure (MAP) data are displayed in Figure 5. MAP was not affected by 
fluid ingestion (P=0.41) nor was there an interaction between time and fluid temperature 
(P=0.30).  
 
Figure 5. Mean arterial pressure (MAP) (±SD). 
The coloured lines represent the 7°C (blue), 
22°C (green), 37°C (orange) and 52°C (red) 
trials, respectively. The grey area denotes rest 
before cooling and the solid lines denote fluid 
ingestion.  
 
DISCUSSION 
 Collectively, the findings from the present study demonstrate that the previously 
identified visceral thermoreceptors, which modify heat-defence thermoeffector responses (i.e. 
sweating), similarly alter cold-defence thermoeffector responses (i.e. shivering). Specifically, 
compared to 37°C fluid ingestion, 7°C and 22°C fluid ingestion independently increased 
shivering, whereas 52°C fluid ingestion independently decreased shivering, as both M and EMG 
were different between trials without any measured differences in Tre, Tsk, or Tb at any point in 
time; thereby supporting the concept of visceral thermoreceptors independently modifying 
thermoeffector responses in humans. Following the LRG ingestion, the thermoeffector responses 
in the 7°C and 22°C trials were similar, even though the 7°C stimulus was twice as cold, relative 
to body temperature, as the 22°C stimulus. Whole-body thermal sensation followed similar 
response-patterns to the thermoeffector responses. Collectively, these findings demonstrate both 
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cold defence thermoeffector responses and thermal sensation are modified by visceral 
thermoreceptors. 
 Thermoeffector responses were different between trials despite no differences in Tre, Tsk, 
or Tb. These findings add to the growing body of evidence in the literature concerning human 
visceral thermoreception. The response time observed in EMG data following cold/hot fluid 
ingestion (Figure 3) aligns with our previous observation of changes in heat-defence 
thermoeffector responses within one minute of cold/warm fluid ingestion (20, 21). These 
findings support the notion that the thermoreceptors responsible for modifying thermoeffector 
responses reside either in the stomach or small intestine, as stimulation of both locations elicited 
thermoeffector responses in the ewe (31). However, due to the rapidity of the response, the 
location of the receptors is most likely in the stomach. Indeed the rapid EMG response time is a 
strong counterargument to other proposed mechanisms for altering thermoeffector responses, 
specifically hypothalamic cooling through heat transfer between the blood, bodily tissues, and 
ingested fluid (36).  
 Both M and EMG responses following large 22°C and 52°C ingestion increased and 
decreased, respectively, to equal but opposite levels, whereas 7°C and 22°C ingestion resulted in 
almost identical changes in thermoeffector responses, even though the 7°C stimuli were twice as 
cold, relative to body temperature, as the 22°C stimuli. We consider these findings to be the 
greatest evidence to date of visceral thermoreceptors in humans. Were the modification of 
thermoeffector responses due to subtle changes in blood temperature, which in turn affected 
brain temperature as has been previously proposed (36), 7°C ingestion should have elicited 
proportionately greater defence shivering responses due to greater cooling of the blood. As 
maximal shivering does not occur until a core temperature  34-35°C (7), no upper limit should 
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have been met. Rather, as some research suggests cold fluids have been shown to dramatically 
increase gastric emptying time compared to cool and hot fluids (33) and as the stomach and 
duodenum, but not other segments of the small and large intestine, affect thermoeffector 
responses (31), it is possible the cold water passed from the thermosensitive area to the non-
thermosensitive area before all heat exchange occurred.  
 Contrary to our initial expectations, thermoeffector responses in the LRG trials were 
more than twice the size of those in the SML trial. These findings may be due to the small 
ingested fluid mass with the SML ingestion, as a greater relative proportion of the ingested 
thermal stimuli could have been lost to oral tissues, which we have previously demonstrated do 
not possess thermoeffector-modifying thermoreceptors capable of modifying thermoeffector 
responses during heat stress (20). Supporting this idea, 1.5°C fluid ingestion in that study 
reduced oesophageal temperature for ~7 min (unpublished data), whereas ingestion of 4°C fluid 
of a similar volume reduced intragastric temperature for ~25 min (39), indicating that while 
some heat transfer occurs in the mouth and oesophagus, most occurs in the stomach. However, a 
similar response has yet to be investigated during cold stress and therefore future studies that 
simultaneously measure tissue temperature at several locations along the gastroinitestinal tract 
with fluid ingestion, particularly during cold stress, are warranted. 
 In the present study, blood pressure greatly increase and HR decreased following the 
onset of cooling, which is the typical cold exposure response in humans, as cutaneous blood 
vessels undergo maximal vasoconstriction, elevating blood pressure and the resulting baroreflex 
slows HR (4, 10). Following fluid ingestion, blood pressure was unaffected whereas HR changed 
in a similar pattern as M and EMG. These findings are likely because the level of cooling 
employed in this study is beyond the point of maximal vasoconstriction which has been 
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previously identified (6) and was subsequently confirmed using laser Doppler velocimetry 
during pilot testing. Therefore blood pressure would be unaffected by changes in cutaneous 
vasomotor activity, whereas HR would be modified to meet the oxygen demands of the shivering 
muscles. Conversely in mice, cold administration causes an immediate increase in HR and brown 
adipose tissue activation (26). While brown adipose tissue activity was not investigated in the 
present study, it is not a prominent cold defence thermoeffector in man, with maximal heat 
production values ranging from 2 to 20 W (45). However, as activation of shivering and non-
shivering thermogenesis occurs through the same circuitry pathways (26) it is quite possible 
brown adipose tissue activity would be affected by hot and cold fluid ingestion. This information 
could be of interest for studies in animal species that rely more heavily on brown adipose tissue 
in the cold, as well as researchers interested in brown adipose tissue activation for potential 
weight loss in humans (9).  
 The participants’ WBTS responses (Figure 4) demonstrated a similar response pattern to 
that of the physiological measures in that the participants felt similarly cold following 22°C and 
7°C ingestion, rather than reflect the magnitude of the ingested thermal stimulus. Furthermore, 
while the participants’ local thermal sensation was not formally recorded at either the mouth or 
the abdomen, the participants’ were able to differentiate between the 22°C and 7°C fluids during 
ingestion and remarked upon this difference during testing. This discrepancy in perceptual 
responses is consistent with previous observations that local cutaneous thermal sensation 
operates independently from whole-body thermal sensation (8, 11). Additionally physiological 
and perceptual/behavioural responses are similarly uncoupled, as mouth swilling cold fluids 
mildly benefits exercise performance and thermal comfort in the heat (5), but does not affect 
sweating (20), whereas cold fluid administration directly to the stomach does affect sweating 
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(20). Therefore it appears that WBTS and physiological responses share a similar thermal forcing 
function, comprised of cutaneous, visceral and hypothalamic thermal afferents.  
Perspectives  
 The viscera are innervated by both spinal and vagal thermoafferents and while the spinal 
thermoreceptor circuitry and how it contributes to thermoregulation is well known (23), much 
less is known about the vagal thermoreceptor circuitry and how it contributes to 
thermoregulation. Generally, vagal afferents are involved in reflex control of gastrointestinal 
function, primarily eliciting chemical secretions and changes in motility (1). Some research 
suggests a role for vagal thermoreceptors in modifying febrile responses (35) as well as 
metabolism and core temperature during starvation (40). Additionally, one study demonstrated 
stimulation of vagal thermoreceptors located in the oesophagus changed respiration rate in cats 
(13). Conversely, other research has demonstrated no electrical response to cooling of vagal 
nerves in the abdomen (16) as well as spinal but not vagal thermoreceptor stimulation causing 
modifications to thermoeffector responses (31, 32). Therefore, more work is needed to identify 
the exact thermoregulatory circuitries and their independent effects on thermoregulation of vagal 
afferents. 
 Previously, core body thermoreceptors have been identified in the spinal cord and 
hypothalamus (37). The present findings give evidence for core body thermoreceptors that reside 
outside the central nervous system which provide temperature feedback for an area which 
contains multiple organs essential to life. Additionally, we believe visceral thermoreceptors act 
as auxiliary thermoreceptors, similar to cutaneous thermoreceptors, whereby the thermoreceptors 
function as an early response system to environmental thermal stress (34). Indeed,  the 
temperature of ingested foods, and particularly fluids,  plays an important role for wild animals, 
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especially for those in cold environments (3, 44). Considering humans did not evolve in 
thermally controlled environments and would periodically need to ingest non-thermoneutral 
foods and fluids, the ability to detect and defend against ingested substances which could 
threaten thermal homeostasis would likely be beneficial. As the mouth is densely innervated with 
thermoreceptors yet evokes no physiological responses with hot and cold stimuli (20), it is likely 
the function of oral thermoreceptors to guard against fluids of noxious temperatures. Conversely, 
visceral thermoreceptors likely function to account for warm and cold food and fluids in advance 
of core temperature being altered. The finding that thermoeffectors are only modified by  
temperature stimuli applied to the stomach and duodenum, but not other areas of the 
gastrointestinal tract, supports this proposition as warm and cold food and fluids would likely 
equilibrate with body temperature prior to reaching these tissues (31).  
Limitations 
 In the present study mean skin temperature was comprised of four skin temperature sites, 
whereas as typically more sites are employed under cold environmental conditions (29). 
However, suit temperature was not different between trials and fluid temperature explained a 
mere 0.03% of the variation observed in skin temperature, therefore it is highly unlikely 
difference in skin temperature existed were not detectable. Additionally, in order to minimize the 
duration of cold exposure for the participants, the small aliquot was always administered first, as 
pilot testing demonstrated that modifications to the thermoeffector responses always returned to 
baseline in less than 20 min. Because of this timing, some water from the first aliquot, albeit of 
insufficient volume and temperature to alter thermoregulatory responses, may have remained in 
the stomach when the second aliquot was administered. Another potential concern is that while 
sudomotor and vasomotor effectors are sympathetically innervated, muscles are somatically 
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innervated and therefore the shivering responses could be altered by voluntary contractions. 
However, the central circuitry responsible for modifying shivering thermogenesis via 
somatomotor innervation parallel those for autonomic thermogenesis (26). As such, any 
conscious modification of muscle activity would likely be overridden by the central demand to 
attain thermal balance; akin to an individual attempting to hold their breath. Finally, as 
modifications in metabolic rate were of primary interest, the level of cooling was selected to 
elicit moderate shivering and in doing so elicited maximum vasoconstriction (6), which was 
confirmed during pilot study and therefore not measured in the main study.  
CONCLUSION   
 In support of previous work from our laboratory, cold defence thermoeffector responses 
are modified following 50°C, 22°C and 7°C fluid ingestion, independently of any changes in 
core or skin temperature, supporting the notion of thermoeffector-modifying visceral 
thermoreceptors. While 22°C and 52°C fluids respectively increased and decreased shivering 
responses to equal but opposite levels, shivering responses were the same between the 22°C and 
7°C fluid ingestion. Additionally, thermoeffector responses did not respond proportionately to 
manipulations of fluid volume. Finally, whole-body thermal sensation responded similarly to the 
thermoeffector responses. Collectively these results reaffirm the concept of thermoeffector-
modifying visceral thermoreceptors in man and provide novel evidence that these visceral 
thermoreceptors can contribute to thermoregulatory function.   
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Chapter 4: Ice slurry ingestion leads to a lower net heat loss during 
exercise in the heat 
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ABSTRACT 
Purpose: To compare the reductions in evaporative heat loss from the skin (Esk) to internal heat 
loss (Hfluid) induced by ice slurry (ICE) ingestion relative to 37°C fluid and the accompanying 
body temperature and local thermoeffector responses during exercise in warm, dry conditions 
(33.5±1.4°C, 23.7±2.6% RH). Methods: Nine men cycled at ~55% VO2peak for 75 min and 
ingested 3.2 ml/kg aliquots of 37°C fluid or ICE after 15, 30, and 45 min of exercise. Metabolic 
heat production (M-W), rectal temperature (Tre), mean skin temperature (Tsk), whole-body sweat 
loss (WBSL), local sweat rate (LSR) and skin blood flow (SBF) were measured throughout. Net 
heat loss (HLnet) and heat storage (S) were estimated using partitional calorimetry. Results: 
Relative to the 37°C trial, M-W was similar (P=0.81) with ICE ingestion, however, the 200±20 
kJ greater Hfluid (P<0.001) with ICE ingestion was overcompensated by a 381±199 kJ lower Esk 
(P<0.001). HLnet was consequently 131±120 kJ lower (P=0.01) and S was greater (P=0.05) with 
ICE ingestion compared with 37°C fluid ingestion. Concurrently, LSR and WBSL were lower by 
0.16±0.14 mg·min-1·cm-2 (P<0.01) and 191±122 g (P<0.001) respectively, and SBF tended to be 
lower (P=0.06) by 5.4±13.4%maxAU in the ICE trial. Changes in Tre and Tsk were similar 
throughout exercise with ICE compared to 37°C fluid ingestion. Conclusions: Relative to 37°C, 
ice slurry ingestion caused disproportionately greater reductions in Esk relative to Hfluid, resulting 
in a lower HLnet and greater S. Mechanistically, LSR and possibly SBF were suppressed 
independently of Tre or Tsk, reaffirming the concept of human abdominal thermoreception. From 
a heat balance perspective, recommendations for ice slurry ingestion during exercise in warm, 
dry conditions should be reconsidered. 
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INTRODUCTION 
During exercise in the heat, body temperature elevations and the associated physiological 
strain leads to significant decrements in athletic performance (23). Several recent studies have 
advocated the ingestion of cold fluids or ice slurries to mitigate performance reductions in the 
heat (3, 4, 29–31). While the internal exchange of heat energy with the ingested fluid 
theoretically creates a greater heat sink, numerous investigations have reported sizeable 
reductions in whole-body sweat losses with cold fluid ingestion (2, 3, 16, 17, 31, 33), which will 
in turn lead to a lower evaporative heat loss from the skin. A study from our research group (2) 
subsequently demonstrated using partitional calorimetry that the lower sweat production with the 
ingestion of cold (1.5°C) and cool (10°C) fluid relative to a thermoneutral fluid (37°C) leads to a 
reduction in estimated skin surface evaporative heat loss that is approximately equal to the 
greater internal heat exchange with the ingested cold fluid; thereby resulting in similar net heat 
loss and therefore similar changes in body heat storage irrespective of fluid temperature. This 
finding has been recently corroborated using direct measurements of evaporative heat loss via 
direct calorimetry (15).  
Relative to a cold fluid, ice slurry ingestion approximately doubles the internal heat sink 
due to the amount of heat transfer associated with the enthalpy of fusion of ice. However, it is 
presently unknown whether this far greater internal heat loss with ice slurry ingestion is matched 
by a proportionally greater reduction in sweating and therefore evaporative potential from the 
skin. Previous studies have reported smaller changes in body heat storage following ice slurry 
ingestion (3, 29) compared to a thermoneutral fluid – which at a fixed metabolic heat production 
would require a greater internal heat loss relative to the reduction in skin surface evaporation, 
and thus a greater net heat loss. However, these studies utilized the thermometric method for 
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estimating heat storage whereby the change in mean body temperature is multiplied by the mean 
specific heat capacity of human tissue and total body mass (5). The inherent inaccuracies of this 
method during exercise in the heat are well documented (11, 12, 32) and the shortcomings of this 
method have been demonstrated with exercise in different environments (25) and with different 
ingested fluid temperatures (2).   
Reductions in sweat rate and subsequently the potential for evaporative heat loss from the 
skin with cold fluid ingestion are probably modulated by independent thermoreceptors residing 
in the abdominal area since changes in sudomotor output are observed without any forerunning 
differences in core or skin temperatures (20). However, the dynamic response of local sweat rate 
(LSR) and any concomitant changes in skin blood flow (SBF) have not yet been compared 
between thermoneutral fluid and ice slurry ingestion, and it is possible that thermosensory input 
from abdominal thermoreceptors is limited. From a practical perspective, it is also important that 
these comparisons are conducted in warm environmental conditions since most physical 
activities that require a form of cooling are typically performed in such environments (27) and 
are similar to the ambient conditions used in previous ice slurry studies (3, 29). Moreover, higher 
skin temperatures arising in hot climates may mitigate the reductions in local and whole-body 
sweat rates previously observed in a temperate environment (20). 
The first aim of the present investigation was to compare the magnitude of reduction in 
the potential for evaporative heat loss from the skin with the large difference in internal heat loss 
induced by the ingestion ice slurry relative to the ingestion of a thermoneutral fluid (37°C) 
during exercise at a fixed metabolic heat production in a hot environment. The second aim was 
to assess whether the maintenance of heat balance following the ingestion of an ice slurry is 
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achieved solely via modulations of sudomotor output, or if supplemental modulations of skin 
blood flow occur in parallel, and determine if these thermoeffector modulations occur 
independently from differences in core and skin temperature. It was hypothesized that, i) relative 
to 37°C fluid, the large internal heat loss with ice slurry ingestion would be paralleled by a 
significantly smaller reduction in evaporative potential from the skin, leading to a greater net 
heat loss and smaller body heat storage and ii) both sudomotor and local skin blood flow would 
be reduced independently of any reductions in core or skin temperature. 
METHODS 
Participants 
 Using G*Power 3 software (Heinrich-Heine-Universität Düsseldorf, Germany (8)) a 
power calculation was performed which employed an α of 0.05, a β of 0.20, and an effect size of 
1.08, calculated from the mean difference in local sweat rate following the ingestion of 37°C and 
a 1.5°C fluids (20), to determine a required sample size of 9 individuals for the current study. As 
such, nine healthy and non-heat acclimated volunteers were recruited to participate in the 
experiment (age: 25 ± 5 y; body mass: 75.9 ± 12.2 kg, height: 1.77 ± 0.07 m; VO2peak: 50.9 ± 8.5 
mL·kg-1·min-1).  
Protocol 
Preliminary session: During an initial visit to the laboratory, body mass, height, and 
peak rate of oxygen consumption (VO2peak) were measured. After a light warm-up, VO2peak was 
measured using a breath-by-breath metabolic cart (Vmax Encore, Carefusion, Yorba Linda, CA, 
USA) during an incremental test on an upright cycle ergometer beginning at an external power 
output of 100 W and increasing by 20 W every minute thereafter until volitional exhaustion.  
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 Experimental sessions: The study consisted of two experimental sessions, which were 
performed in a counterbalanced order. During each session participants exercised at ~55% of 
their VO2peak on an upright cycle ergometer for 75 min in a climate-controlled room regulated at 
33.5±1.4°C and 23.7±2.6% RH. These conditions were selected in order to investigate whether 
reductions in sweating remained proportional to the ingested heat sink when exposed to a 
warmer environment, while maintaining conditions at a level that should ensure 100% sweat 
evaporation (24). The absolute external workload was maintained between trials in order to 
produce identical power outputs and similar metabolic heat production values. Three 46-cm 
vertically stacked mechanical fans were placed 1.25 m in front of the participants and were set to 
high, which yielded an air speed velocity of 2.25 m·s-1. The participants were given three serial 
aliquots of water (3.2 mg/kg) to ingest at 15-min intervals for the first 45 min of the session (i.e. 
after 15, 30 and 45-min of exercise). The temperature of the ingested water was 37°C or a 1:2 
mixture of shaved ice and 1.5°C water, depending on the session. Prior to the onset of exercise, 
there was a 30-min baseline period within the climate chamber during which the participants 
were instrumented and resting measurements were obtained. Fully instrumented body mass 
measurements were taken 5 min before the beginning of exercise and once again immediately 
upon completion of exercise, on a platform scale with an accuracy of ± 2 g (Combics 2; 
Sartorius, Mississauga, ON, Canada). The participants also gave urine samples upon arrival to 
the laboratory, which were analyzed for urine specific gravity (USG) using a refractometer 
(Reichert TS 400; Reichert Analytical Instruments, Depew, NY, USA). A pre-exercise cut-off 
USG value of <1.020 was used to ensure that all participants were adequately hydrated prior to 
starting each experimental trial (1). 
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 Water temperature: The temperature of the water to be ingested was carefully 
maintained until two minutes before each time of ingestion for the fluid to be prepared. In the ice 
slurry trials, cold water was poured into an insulated thermos two hours prior to the onset of 
exercise and then kept in a refrigerator until needed. Additionally, a commercially available ice 
shaver (Hamilton Beach®, Richmond, USA) was used to create ice flakes which were stored in a 
freezer until used. Two minutes prior to ingestion, the ice flakes and 1.5°C water were mixed in a 
1:2 ice-to-water ratio to create an ice slurry. This timing was used to accurately assess the precise 
mass and temperature of the ice and water and to minimize the heat lost from either the ice or the 
water to the surrounding environment. A hydrostatic controlled water bath (Polyscience – 
DA05A, Niles, IL, USA) was used to warm the water for the 37°C trials. The temperature of the 
water was measured just prior to ingestion using a factory-calibrated glass thermometer (Durac 
Plus, Blue Spirit, precision thermometer, Cole-Parmer) with a certified range between -1°C and 
+51°C with an accuracy of ±0.1°C. Fluid and ice temperatures were measured immediately prior 
to ingestion and these precise values were used for internal heat loss calculations (see equations 
2 and 3).  
Heat balance calculations: metabolic energy expenditure (M) was calculated from 
minute-average values for oxygen consumption (VO2) in liters/min and the respiratory exchange 
ratio (RER) (22): $ = &'( ×	*+,-,./.1/.2 3 ∙ 567 + *+9./.,-,/.2 3 ∙ 5:7                                   in kJ                     (1) 
Where: ec is the caloric equivalent per liter of oxygen for the oxidation of carbohydrates (21.13 
kJ) and ef is the caloric equivalent per liter of oxygen for the oxidation of fat (19.62 kJ). 
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Subsequently, when the amount of mechanical work performed (W) is subtracted from M, 
metabolic heat production (M-W) is determined (24).  
Heat exchange with ingested fluid (Hfluid): was determined for the 37°C trial as: 
;:<=>? = @ABC − A:<=>?E × FG(:<=>?) × JKLL:<=>?                                   in kJ                  (2) 
Where: Tfluid is the ingested fluid temperature, Cp(fluid) is the specific heat capacity of water 
(4.184 J/g/°C) and massfluid is the mass of the ingested fluid in kg. Alternatively, Hfluid in the ice 
slurry trials was determined as: 
;:<=>? = +@ABC − A:<=>?E × FG(:<=>?) × JKLL:<=>?3 + +(0 − A>6C) × FG(>6C) × JKLL>6C3 +(;>6C × JKLL>6C) + +(ABC − 0) × FG(:<=>?) × JKLL>6C3                                     in kJ                 (3) 
Where 0 is the temperature at which ice melts (0°C), Tice is the temperature of the ice, 
Cp(ice) is the specific heat capacity of ice (2.108 J/g/°C), massice is the mass of the ice in kg and 
Hice is the enthalpy of the fusion of ice or the amount of energy lost when ice melts (334 J/g).  
Evaporative heat loss: The estimated potential for evaporative heat loss (Esk) was determined as: 
NOP = @Q$GBC − Q$GROS − JKLL:<=>? + JKLLOT<>UT + JC + JBE × ;OVCTS          in kJ            (4) 
Where: BMpre and BMpost are the masses of the participant before and after exercise, 
respectively, masssaliva is the saliva losses collected from the mouthpiece throughout the trial, me 
is the mass of evaporative water loss from respiration, Hsweat is the enthalpy of sweat, assumed to 
be equal to the enthalpy of the evaporation of water (2427 J/g) (14) and mr is metabolic mass loss 
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(i.e. carbon dioxide produced as a metabolic byproduct which is subsequently exhaled) 
calculated (14) as: 
                                           JB = W +XYZ@[[(,-,.2()E((.[ 3                                       in g                    (5) 
Where t is time in seconds. Subsequently, the net heat loss (HLnet), was calculated by summing 
all available avenues for heat loss, defined as: 
;\]CS = (F + ^) + (FBCO + NBCO) + NOP + ;:<=>?                                 in kJ                  (6)  
Where: C and R are respectively convective and radiative heat loss (determined using air speed, 
ambient temperature and Tsk), and Cres and Eres are respectively convective and evaporative heat 
loss due to respiration (9, 13, 22). Similarly, total body heat storage (S) was calculated by 
summing the different factors contributing to heat exchange as such (10): 
_ = ($ −`) − ;\]CS                                                                            in kJ                  (7) 
Finally, the evaporative requirement for heat balance (Ereq) was calculated using: 
NBCa = $ −` −^ − F − NBCO − FBCO − ;:<=>?                                     in kJ                  (8) 
While the primary outcome variables of interest have been fully defined above, the 
complete breakdown and explanation of all the variables pertaining to these calculations can be 
found in previous publications from our laboratory (2, 7), as well as original sources (10), 
reviews (9, 13, 22) and textbooks (14, 24).  
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Measurements  
The measurements taken, or subsequently determined from other measurement, for this 
study included: rectal temperature (Tre), mean skin temperature (Tsk), mean body temperature 
(Tb), local sweat rates (LSR), whole-body sweat losses (WBSL), local skin blood flow (SBF) and 
heart rate (HR). For a detailed description of how the measurements were taken or calculated, 
please refer to Chapter 2.  
Statistical analyses 
 For an overview of the statistical analyses performed, please see Chapter 2. The 
difference between change in evaporative heat loss at the skin (ΔEsk) and evaporative 
requirement for heat balance (ΔEreq) in the ice slurry trial relative to 37°C trial was compared 
using a two-tailed paired Student’s t-test. To assess the LSR, SBF, HR, Tre, Tsk and Tb, seven 1-
min averages from six time points (7 min pre-exercise and minutes 9–15, 17–23, 32–38, 47–53, 
and 69–75 of exercise), corresponding with the 7 min before the start of exercise, the 7 min prior 
to the first ingestion during exercise, the 7 min following each fluid ingestion during exercise, 
and the final 7 min of exercise, were analyzed.  Thermometry, SBF and LSR data were analyzed 
using a two-way repeated measures ANOVA with the repeated factors of exercise time (six 
levels: baseline, 9-15, 17-23, 32-38, 47-53 and 69-75 min) and fluid (two levels: 37°C and ICE). 
All heat balance parameters (M-W, C+R, Cres+Eres, Esk, Hfluid, HLnet and S) and WBSL data were 
analyzed using two-tailed paired Student’s t-tests. 
In order to further assess the change in LSR and SBF after each fluid ingestion, the data 
for the 14 min following ingestion were subtracted from the 1-min average before each ingestion 
and was calculated separately for the ice slurry and 37°C fluid trials; and the values from the 
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37°C trial were subsequently subtracted from the values from the ice slurry trials, thus isolating 
the independent influence of fluid temperature on changes in LSR and SBF as has been done 
previously (20). These data were assessed using a two-way repeated measures ANOVA 
employing the independent variables of post-ingestion time (0 to 14 min) and fluid. 
RESULTS 
Urine specific gravity 
By design, USG was lower than the cutoff for euhydration (<1.020) and did not differ 
between trials (37°C: 1.016±0.006, ICE: 1.013±0.007; P=0.29, d=0.46). 
Whole body sweat loss  
WBSL was 191±122 g lower (P<0.001, d=2.18) in the ICE compared to the 37°C trials 
(Figure 1). 
 
Figure 1. Whole-body sweat losses (WBSL) following ice slurry and 37°C fluid ingestion. * denotes ice slurry is 
lower than 37°C (P≤0.05). 
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Heat balance parameters  
Metabolic heat production (M-W) (P=0.81, d=0.08), dry heat loss (C+R) (P=0.35, 
d=0.33), and respiratory heat loss (Cres+Eres) (P=0.35, d=0.33) were all similar between trials 
(Table 1). Hfluid was 200±20 kJ greater in the ICE relative to the 37°C trial, whereas the 
estimated potential for evaporative heat loss (Esk) was 381±199 kJ lower with ICE ingestion 
compared to 37°C fluid ingestion (P<0.001, d=1.91).  
Table 1. Cumulative values for each component of human heat balance measured using partitional calorimetry after 
75 min of exercise at ~55% VO2max with the ingestion of ice 37°C fluid and ice slurry ingestion. 
Fluid Temperature  37°C Ice Slurry 
M-W 2802 ± 348 2819 ± 388 
C+R 34 ± 111 76 ± 122 
Cres+Eres 221 ± 29 230 ± 31 
Hfluid 1 ± 1 201 ± 19 * 
Esk 2211 ± 325 1829 ± 336 * 
HLnet 2467 ± 334 2336 ± 353 * 
S 335 ± 186 483 ± 175 * 
  
Values are means ± SD in kilojoules (kJ) for metabolic heat production (M-W), convective and radiative heat loss 
(C+R), convective and evaporative heat loss due to respiration (Cres+Eres), heat exchanged with ingested fluid 
(Hfluid), estimated potential for evaporative heat loss (Esk), net heat loss (HLnet) and the sum of heat storage (S). * 
denotes where ice slurry values are different compared to 37°C values (P≤0.05). 
Changes in Ereq relative to changes in Esk and HLnet 
The reduction in Esk was greater than the reduction in evaporation required for heat 
balance (Ereq) in the ICE trial (P=0.05, d=0.82) (Figure 2) and consequently net heat loss (HLnet) 
was 131±120 kJ lower (P=0.01, d=1.09) and heat storage (S) was 148±105 kJ greater in the ICE 
compared to 37°C trial (P=0.05, d=0.82) (Table 1).   
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Figure 2. Parallel changes in evaporation from the skin (ΔEsk) and the evaporative requirements for heat balance 
(ΔEreq) with ice slurry ingestion relative to 37°C fluid ingestion following 75 min of exercise. * denotes where ΔEsk 
is greater relative to ΔEreq (P=0.05). 
Thermometry 
   After 75 min of exercise, the change in Tre from baseline was similar (P=0.92, η2<0.001) 
following the ingestion of 37°C fluid (0.86±0.23°C) and ice slurry (0.93±0.19°C) (Figure 3A). 
Moreover, skin temperature (Tsk) was not different between trials throughout (P=0.71, η2<0.01) 
and at end-exercise, ΔTsk was 0.36±0.38°C and 0.31±0.32°C in the 37°C and ICE trials, 
respectively (Figure 3B). Finally, the change in mean body temperature (Tb) was similar 
(P=0.90, η2<0.001) throughout, and after 75 min of exercise and was 0.81±0.22°C and 
0.87±0.19°C for the 37°C and ICE trials, respectively (Figure 3C). 
Local sweat rate 
 Ingestion of the different fluids resulted in a difference in LSR (P<0.001, η2=0.07) where 
relative to the 37°C trial, LSR was lower by 0.16±0.14 mg·min-1·cm-2 in ICE trial (Figure 4A). 
After standardizing LSR in the ICE trials relative to the 37°C fluid trial, a significant interaction 
between fluid and time (P<0.001, η2=0.05) was observed with LSR in the ICE trial was lower 
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than in the 37°C trial from 2 to 13 
min post-ingestion, by an average 
of 0.07±0.04 mg·cm-2·min-1 
(Figure 4B).  
Skin blood flow 
There was a trend for a 
different skin blood flow between 
trials (P=0.06, η2=0.02), with 
mean SBF 5.4±13.4%maxAU lower 
in the ICE trial relative to the 37°C 
trial (Figure 4C).  After 
standardizing SBF in the ice slurry 
trials relative to the 37°C fluid 
trial, no differences (P=0.85, 
η2=0.02) were found (Figure 4D).   
Heart rate 
Heart rate was not different 
between the 37°C (mean: 119±22 
bpm) and ICE (mean: 122±20 
bpm) trials (P=0.47, η2<0.001).  
Figure 3. Rectal temperature (Tre) (panel A), mean skin temperature (Tsk) (panel B) and mean body temperature (Tb) 
(panel C) using a 0.9/0.1 weighting of core to skin temperature following the ingestion of ice slurry (ICE) and 37°C 
during exercise. Dashed lines denote when fluids were ingested.  
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Figure 4. Absolute mean local sweat rate (LSR) (panel A) and skin blood flow (SBF) on the upper back (panel C) 
and the change in LSR (panel B) and SBF (Panel D) relative to the 37°C fluid control trial after the ingestion of ice 
slurry (ICE) and 37°C fluid during exercise. Dashed lines denote when fluids were ingested. * denotes where ice 
slurry is lower than 37°C (P≤0.05).  
DISCUSSION 
 This is the first study to assess the influence of ice slurry ingestion on human heat 
balance using partitional calorimetry, and on inter-trial differences in dynamic skin blood flow 
and local sweat rate responses. Contrary to our initial hypothesis, the large Hfluid following ice 
slurry ingestion was not paralleled by a smaller reduction in Esk. Rather, the reduction in Esk with 
ice slurry ingestion was almost double Hfluid leading to lower net heat loss and greater whole-
body heat storage compared to that observed with 37°C fluid ingestion. Following slurry 
ingestion, LSR decreased suddenly and a trend for a lower SBF was also observed. 
Concomitantly, similar Tre, Tsk and Tb to the 37°C fluid trial were evident throughout. 
Collectively, these results suggest that from the perspective of maintaining heat balance during 
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exercise in warm and dry conditions (33.5°C, 24% RH), ice slurry ingestion may be 
disadvantageous. Furthermore, the responsive capacity of previously proposed abdominal 
thermoreceptors (25) was sufficient to alter sweating to such an extent that an internal heat sink 
twice as large as was previously tested was negated.  
In the present study, ice slurry ingestion during exercise, relative to 37°C fluid ingestion, 
led to a disproportionately greater reduction in Esk compared to the difference in Hfluid with ICE 
ingestion. In a recent publication investigating the effect of warm (50°C) and cold (1.5°C) water 
ingestion on heat balance during exercise using direct calorimetry (15), the authors observed no 
difference in body heat storage between trials indicating proportional changes in Esk with 
different levels of Hfluid. Utilizing the partitional calorimetry method, we previously observed a 
similar finding with 1.5°C, 10°C, and 37°C fluid ingestion (2). Following on from these studies, 
it appears the ingestion of a substance that generates a sufficiently large heat sink suppresses 
sweating to a greater extent than needed to balance the heat lost internally. Therefore, contrary to 
the conclusions of earlier studies employing thermometry (3, 4, 29), the present study provides 
evidence that ice slurry relative to thermoneutral fluid ingestion actually causes a lower net heat 
loss, and consequently greater net heat storage, during exercise.  
Notwithstanding the differences in calorimetrically estimated net heat loss, no differences 
in core, skin or mean body temperature were observed between the ICE and 37°C trials 
throughout exercise, despite large reductions in LSR and a tendency towards lower SBF 
following ice slurry ingestion. These findings lend further support to our previous proposition 
that thermoreceptors in the abdomen elicit changes in thermoeffector responses independently 
from core and skin temperature (20). Together, these studies indicate a sizeable capacity of 
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internal thermoreceptors to detect intra-abdominal temperature changes and to initiate strong 
thermoeffector responses that equal or even surpass the thermal load administered internally. 
From a mechanistic point of view, these findings are important because they demonstrate that 
abdominal thermoreceptors in humans possess sufficient representation and integration within 
the central nervous system to elicit thermoeffector responses that modify skin surface heat loss to 
the environment by equal or greater amounts relative to the one applied internally.  
 Skin blood flow is considered to be important for thermoregulation as it supplies fluid for 
sweat production and heats the skin to facilitate elevations in sensible and, most importantly, 
evaporative heat loss (24). Additionally, SBF can influence LSR independently from core and 
skin temperature (34). Previous research using laser Doppler velocimetry reported no difference 
in SBF with ice slurry relative to a thermoneutral fluid ingestion (3) whereas other research 
employing venous occlusion plethysmography observed decreases in forearm blood flow from 
baseline levels with cold (0.5°C) water ingestion, regardless of ambient air temperature (33). In 
the present study, a trend (P=0.06) for a lower SBF following ice slurry ingestion was observed. 
However, when accounting for pre-ingestion differences in SBF, no difference was observed 
(P=0.85). Indeed, by comparing panels B and D from Figure 4, LSR is clearly and consistently 
reduced in response to ice slurry ingestion, whereas SBF is primarily reduced following the first 
ice slurry ingestion, which suggests SBF did not independently modify LSR.  
Perspectives 
  Previous performance studies employing a self-selected exercise intensity 
demonstrated ice slurry ingestion leads to an increased work rate and a subsequently greater core 
temperature (4, 29), certainly due to the greater metabolic heat production required for an 
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increased effort or running pace. Additionally, while core and skin temperatures were not greater 
in the ICE trials despite a greater calculated heat storage, with prolonged exercise, as is common 
in cycling, higher body temperatures may emerge. Presently, new recommendations based upon 
thermometric estimations of heat storage, the inaccuracies of which are well documented (11, 12, 
32), advocate ice slurries as beneficial for both performance and thermoregulatory purposes, and 
have postulated the benefit of the heat sink afforded by ice slurry ingestion supersedes the need 
to maintain hydration status (3, 28, 29). The present findings seem to contradict this proposition 
for ice slurries ingested during exercise. Therefore, as ice slurry ingestion during self-paced 
exercise greatly increases exercise intensity and therefore metabolic heat production, while at the 
same time seems to negatively impact net heat balance, we suggest caution when recommending 
to forgo water ingestion in favor of ice slurry beverages during exercise. This caution may be 
particularly valid for novice/recreational athletes, as it is well established that these individuals 
are at greater risk of heat related illness compared to well-trained athletes (6). Furthermore, while 
not measured formally, every participant in the present study reported a strong discomfort while 
ingesting the ice slurry beverages, which may lead to decreased fluid ingestion during a bout of 
exercise. As body heat storage is the same irrespective of ingested water temperature between 
50°C and 1.5°C (2, 15), we recommend water should be prepared at the temperature most 
palatable for the individual athlete, and therefore most likely to encourage fluid ingestion and 
thus best maintain hydration status.  
From a heat balance point of view, the potential benefit of ice slurry ingestion is likely 
dependent on timing and/or situation. Ice slurry and cold water ingestion prior to exercise 
effectively reduces core temperature (17, 26), whereas during exercise they do not reliably alter 
the core temperature response (3, 16). This ineffectiveness is probably the result of rapid changes 
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in the output of “primed” or already active sweat gland in response to an internal thermal load 
(21) as supported by the LSR traces of the present and previous investigations (20). 
Alternatively,  cold fluid ingestion prior to the commencement of any thermoeffector response 
may allow core temperature to drift to the lowest point of the interthreshold zone, or the zone in 
which core temperature can change without activation of thermoeffector responses (18, 19). 
Additionally, uncompensable heat stress, i.e. the point at which heat production exceeds the 
maximal rate at which heat can be lost to the environment (27) is another situation in which ice 
slurry ingestion could be particularly beneficial. Here, any reductions in sweating would likely 
not decrease evaporative heat loss, but a supra-physiological heat sink will still be provided, 
however, under self-paced exercise conditions, the balance between the additional heat produced 
and the added heat sink provided is unknown and may lead to greater heat storage. Future studies 
examining the influence of ingested fluid temperature on whole-body heat balance during steady-
state and self-paced exercise under uncompensable heat stress conditions are therefore required. 
Limitations  
Partitional calorimetry was used to estimate net heat loss in the present investigation, and 
like all calorimetric methods, it has some limitations. Specifically, since evaporation from the 
skin was estimated from body mass changes, any dripped sweat would have led to an 
overestimation of heat loss. However, in the ice slurry trials of the present study, any 
unbeknownst non-evaporated sweat losses would have led to an over-estimation of Esk, and we 
observed a disproportionately lower, not higher, evaporative heat loss with ice slurry ingestion 
relative to internal heat exchange. Nonetheless, corroboration of the present findings by 
duplicating our study with direct calorimetry may be useful. Similarly, any melting of the ice 
slurry during preparation and/or delivery does not explain the difference in net heat loss in the 
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ICE trial relative to 37°C in the present study. Additionally, while Tre and Tb were not different 
at any time point between trials, we were unable to measure hypothalamic temperature in the 
present investigation, and as such, differences in hypothalamic temperature, the temperature 
most responsible for dictating thermoeffector responses, could be different between trials but 
went undetected. However, this scenario seems unlikely due to the large differences in 
thermoeffector response with no difference in core temperature at any point in time. 
CONCLUSIONS 
Contrary to previous investigations that calculated heat storage using thermometry, we 
observed, using partitional calorimetry, that compared to 37°C fluid ingestion, ice slurry 
ingestion resulted in lower, rather than greater, net heat loss and subsequently a greater heat 
storage, during exercise in a ~34°C/20%RH environment. The difference in net heat loss and 
heat storage between trials occurred due to a disproportionately large reduction in whole-body 
sweating, and therefore evaporative heat loss from the skin, relative to the amount of heat lost 
internally to the ingested ice slurry. No differences in rectal, skin or mean body temperatures 
were detected at any time point between 37°C and ICE trials, whereas large reductions in local 
sweat rate were observed in the ICE trial. These results add to previous findings that abdominal 
thermoreceptors can modify thermoreffector responses, even when the imposed heat sink is 
doubled and environmental temperatures are higher than those of previous findings. Taken 
together, these results indicate that ice slurry ingestion during exercise does not lead to a 
preferential thermal-homeostatic state, but rather result in a lower net heat loss and thus a greater 
heat storage during steady-state exercise at a fixed metabolic heat production in hot and dry 
conditions. Following from these results, we suggest that, contrary to recent recommendations, 
water of any temperature, but not ice slurry beverages, should be consumed during athletic 
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competition in hot-dry climates, especially for novice athletes. However, ice slurries consumed 
as a pre-coolant and during exercise in hot humid environments are probably beneficial.   
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ABSTRACT 
The purpose of this study was to determine whether the ingestion of warm and cold water 
before exercise alters the onset threshold and subsequent thermosensitivity of local vasomotor 
and sudomotor responses after exercise begins. Twenty males (24±4 y, 75.8±8.1 kg, 52.3±7.7 
mL·min-1·kg-1) ingested 3.2 ml·kg-1 of 1.5°C, 37°C, or 50ºC water, rested 5 min, then cycled at 
50% VO2peak for 15 min in 23.0±0.9°C and 32±10%RH conditions. Mean body temperature (Tb), 
derived from a weighted average of 0.9 × rectal and 0.1 × mean skin temperature, local sweat 
rate (LSR) and skin blood flow (SBF) were measured. For both LSR and SBF, the change in Tb 
was higher at onset of response with 1.5ºC (LSR: 0.19±0.15ºC, SBF: 0.20±0.15ºC) compared to 
50ºC (LSR: 0.10±0.12ºC; P=0.041; SBF: 0.10±0.09ºC; P=0.014) but not 37ºC 
(LSR:0.14±0.14ºC, SBF: 0.10±0.11ºC; all P>0.20) water ingestion, but no differences in 
thermosensitivity were observed (LSR: 1.5ºC: 1.22±0.77 mg·min-1·cm-2·°C-1, 37 ºC: 1.42±0.97 
mg·min-1·cm-2·°C-1, 50ºC: 1.77±1.29 mg·min-1·cm-2·°C-1; P=0.27; SBF: 1.5ºC: 
717±882%baselineAU, 37ºC: 517±606%baselineAU, 50ºC: 857±904%baselineAU·°C-1; 
P=0.94).  After 15 min of exercise, LSR, SBF and CVC were greater with 50ºC (LSR: 0.52±0.17 
mg·min-1·cm-2, SBF: 407±149%baselineAU, CVC: 384±160%baselineCVC) compared to 1.5°C 
water ingestion (LSR: 0.42±0.13 mg·min-1·cm-2; P=0.019; SBF: 279±117%baselineAU; 
P<0.001; CVC: 275±81%baselineCVC; P=0.051) but not 37 ºC (LSR: 0.50±0.22 mg·min-1·cm-2, 
SBF: 324±169%baselineAU, CVC: 340±114%baselineCVC; all P>0.06). These findings 
illustrate that cold fluid ingested prior to the onset of exercise prolong the onset of heat loss 
responses, thereby resulting in a greater metabolic heat storage at the onset of exercise, relative 
to a thermoneutral fluids, thereby reducing the cooling effect of the fluid ingestion. 
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INTRODUCTION 
Traditionally, models of human thermoregulation state that effector responses are 
primarily controlled by hypothalamic temperature and are modified further by skin 
thermoreceptors (45). While traditionally these two loci are considered the sole contributors of 
thermal information governing thermoeffector responses in humans, animal models of 
thermoregulation regularly list many other sensory areas which modify thermoeffectors when 
stimulated, including: the muscle (14), large veins in the skin (21) and possibly abdomen (5), 
spinal column (35), upper airway (34), abdominal wall (37), lower oesophagus (6), stomach (6, 
36) and small intestine (36). Indeed, recent work in mice have demonstrated that spinal tract 
visceral and cutaneous thermoreceptors follow similar central circuitry pathways (31) and cause 
similar changes to thermoeffector responses (40). 
Recently, we demonstrated for the first time in humans that the sudomotor response could 
be transiently modified by the ingestion of cold and warm water, independently from any 
differences in core or skin temperature, thereby suggesting the presence of thermosensors along 
the upper gastrointestinal tract (23). Further investigation indicated that these thermoreceptors  
likely reside in the stomach or small intestine, as previously identified directly in the ewe (36). 
Subsequent studies have independently substantiated these findings (17), and further studies 
from our group have demonstrated that sweating changes are sufficient to negate the internal heat 
debt imposed by an ice slurry beverage (24), vasomotor activity is similarly affected in a water 
temperature-dependent manner (24), and warm and cold water ingestion also modifies shivering 
activity independently of core and skin temperature during cold stress (25).  
The control of thermoeffector responses are characterized by two key parameters: 1) the 
onset threshold, expressed as the absolute or change in core or mean body temperature at which 
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thermoeffector responses are initiated, and 2) the subsequent increase in response per degree 
Celsius  increase in core or mean body temperature, also known as thermosensitivity (11). Onset 
thresholds are generally regarded as indicative of the central drive to thermoregulate. For 
example, dehydration prolongs the onset of sweating and vasodilation (22, 28), likely due to the 
inhibitory effects of baroreceptors due to reductions in blood volume (7, 28) and osmoreceptors 
due to increases in blood osmolarity (8).  Thermosensitivity, on the other hand, is indicative of 
the ability of the peripheral effector organ to detect and respond to the central drive to 
thermoregulate. For example, men exhibit a greater sweating thermosensitivity, but not onset 
threshold, compared to women during both exercise and passive heating due to the functionality 
of the sweat gland as demonstrated by different sweat rates for a given dose of acetylcholine (9, 
10).  
The purpose of the present study was to determine whether warm and cold water 
ingestion prior to the start of exercise affects the onset and thermosensitivity of local sweat rate 
(LSR) and skin blood flow (SBF) relative to thermoneutral water. and to assess whether these 
thermoeffector outputs differed after 15 min of exercise. Further, in a subset of participants, the 
effect of ingested water temperature on cutaneous vascular conductance (CVC) after 15 min 
exercise was examined to confirm that any potential differences in SBF were not due to changes 
in blood pressure.  As stimulation of visceral thermoreceptors should elicit similar excitatory or 
inhibitory effects on the central hypothalamic drive to thermoregulate as cutaneous 
thermoreceptors (31), it was hypothesized that warm and cold water ingested prior to exercise 
would i) result in respectively lower and higher mean body temperatures at the onset of the 
thermoeffector responses; and ii) LSR, SBF and CVC would all be higher and lower with warm 
and cold water ingestion, respectively, after 15 min of exercise. 
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METHODS 
Participants  
Original data collection for this study occurred at the University of Ottawa in 2011, 
however due to an insufficient samples size for the outcome variables of interest as well as a lack 
blood pressure data, a further data collection was undertaken at the University of Sydney in 
2015-16 using mostly identical equipment. Twenty non-heat acclimated males (mean age: 24±4 
y, body mass: 75.8±8.1 kg, VO2peak: 52.3±7.7 mL·min-1·kg-1), twelve from Ottawa (mean age: 
23±3 y, body mass: 73.9±7.7 kg, VO2peak: 53.9±5.4 mL·min-1·kg-1 and eight from Sydney (mean 
age: 25±5 y, body mass: 78.6±8.3 kg, VO2peak: 48.9±11.1 mL·min-1·kg-1)  were recruited.  
Protocol 
Preliminary session. Participants attended a preliminary session in which total body 
mass, and peak oxygen consumption (VO2peak) was measured using an upright cycle ergometer 
protocol consisting of a two-min warm up at 80 W followed by cycling at 100 W for the third 
min with a 20 W increase every minute thereafter until physical exhaustion. This protocol was 
based upon recommendations from the Canadian Society of Exercise Physiology (3).  
Experimental sessions. Upon arrival to the laboratory, subjects were asked to provide a 
urine sample, which was analyzed for urine specific gravity (USG) using a refractometer 
(Reichert TS 400, Depew, NY) to ensure that all participants were euhydrated prior to each 
experimental session. Participants were required to have a urine specific gravity below 1.020 (1) 
prior to commencing a trial. Mean pre-exercise USG values were 1.017±0.005. The Ottawa 
participants then cycled for 75 min at 50% VO2peak, the data for which has been reported 
elsewhere (23). For the present paper, only the first 15 min of exercise were analyzed as in the 
original study, as participants ingested a second aliquot of water at the 15-min mark. The 
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additional Sydney participants only cycled for 15 min. The order in which the trials were 
performed was determined using an incomplete Latin square design and each trial was separated 
by at least 48 h, but by no more than one week. A mechanical fan placed 1.25 m in front of the 
participants produced a mean whole-body air velocity of 0.75 m·s-1, which was confirmed using 
a hot wire anemometer (Omega Engineering, Stamford, CT, USA). Participants were semi-nude, 
wearing a standardized clothing ensemble in all experimental trials consisting of light running 
shorts, socks, and shoes. All within-subject experimental sessions were completed at the same 
time of the day to avoid the influence of circadian variation. The experimental sessions 
undertaken in a climate controlled room regulated at 23.0±0.9°C and 32±10%RH.  
Participants undertook three experimental trials (one trial per water temperature), in 
which they ingested one aliquot of exactly 3.2 mL·kg-1 of 1.5°C, 37°C or 50°C water 5 min 
before the start of exercise. This volume of water was selected to account for differences in body 
mass while providing similar volumes to previous studies (2, 18, 23, 24).  
Measurements and statistical analyses 
The measures taken or derived in this study were rectal temperature (Tre), mean skin 
temperature (Tsk), mean body temperature (Tb), local sweat rate (LSR), local skin blood flow 
(SBF) and cutaneous vascular conductance (CVC). See Chapter 2 for detailed descriptions of the 
instrumentation. 
Statistical analysis  
For an overview of the statistical analyses, please see Chapter 2. A one-way ANOVA 
with the repeated measure of water temperature (3 levels: 1.5ºC, 37ºC and 50ºC) was used to 
analyse the absolute and change in Tb onset thresholds, time at response onset, and 
themosensitivity of response for LSR, SBF and CVC. To identify differences in thermometric 
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(Tre, Tsk and Tb) and thermoeffector (LSR, SBF and CVC) responses following water ingestion, a 
two-way repeated measures ANOVA with the repeated factors of water temperature (3 levels: 
1.5ºC, 37ºC and 50ºC) and time (5 min pre-ingestion, 5 min post ingestion and 15 min of 
exercise) was employed. Thermosensitivity for each participant was determined using a simple 
linear regression for the period of linear increase in LSR, SBF and CVC following the onset of 
each response until the first water ingestion (at 15 min of exercise).  
RESULTS 
Onsets and thermosensitivity 
The mean LSR and SBF data as a function of Tb are exhibited in Figure 1. The absolute 
Tb at the onset of LSR (Figure 2, top-left panel) was not different between trials (P=0.23, #2=0.07) nor was thermosensitivity of LSR (Figure 2, bottom-left panel) different between trials 
(P=0.13, #2=0.10). The mean change in Tb from baseline at the onset of LSR (Figure 2, top-right 
panel) was different between trials (P=0.046, #2=0.15). Specifically, the change in Tb at the onset 
of LSR was greater in the 1.5°C (0.19±0.15°C) compared to 50°C trial (0.10±0.09°C; P=0.041, 
d=0.78), but not compared to the 37°C trial (0.14±0.14°C; P=0.23, d=0.36). Further, no 
 
 
Figure 1. Thirty-second averages (±SD) for local sweat rate (LSR) and skin blood flow (SBF) expressed as a 
function of mean body temperature (Tb). Open circles represent 1.5°C, grey circles represent 37°C, and closed 
circles represent 50°C.  
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difference existed between the 50°C and 37°C trials (P=0.13, d=0.36). Exercise time at the onset 
of LSR (Figure 2, lower-right panel) also differed with water ingestion (P<0.001; #2=0.38). 
Specifically, the onset of sweating was delayed in the 1.5°C (8.00±1.94 min) compared to both 
the 37°C (6.62±1.90 min; P<0.001, d=0.72) and 50°C (6.45±1.86 min; P=0.003, d=0.81) trials, 
but not between 37°C and 50°C (P=0.60, d=0.09). 
 
Figure 2. Mean values (±SD), from the top left in clockwise order for: the absolute mean body temperature at the 
onset of sweating, the change in mean body temperature at the onset of sweating, exercise time at the onset of 
sweating and the thermosensitivity, relative to mean body temperature, of the sweating response. * denotes a value 
that is lower than 1.5°C (P<0.05). 
Effectively mirroring the LSR results, the absolute Tb at the onset of SBF (Figure 3, top-
left panel) was not different (P=0.35, #2=0.06) nor was SBF thermosensitivity (Figure 3, bottom-
left panel) different between trials (P=0.49, #2=0.04), but the mean change in Tb from baseline at 
the onset of SBF (Figure 3, top-right panel) tended to be different between trials (P=0.07, #2=0.16). Specifically, change in Tb at the onset of SBF was greater in the 1.5°C (0.20±0.15°C) 
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compared to 50°C (0.10±0.12°C; P=0.014, d=0.78) and tended to be greater compared 37°C 
(0.10±0.11°C; P=0.09, d=0.78) water but not different between 50°C and 37°C water (P=0.52, 
d<0.01). Exercise time at the onset of SBF (Figure 3, bottom-right panel) differed between trials 
(P<0.001, #2=0.34). Specifically, the onset of SBF was delayed in the 1.5°C (7.99±1.58 min) 
compared to both the 37°C (5.56±1.88 min; P=0.003, d=1.40) and 50°C (5.30±3.16 min; 
P=0.006, d=1.13) trials but there was no difference between the 50°C and 37°C trials (P=0.35, 
d=0.10). 
 
Figure 3. Mean values (±SD), from the top left in clockwise order for: the absolute mean body temperature at the 
onset of skin blood flow (SBF), the change in mean body temperature at the onset of SBF, exercise time at the onset 
of SBF and the thermosensitivity, relative to mean body temperature, of the SBF response. * denotes a value that is 
lower than 1.5°C (P<0.05).
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Mean arterial pressure 
Water ingestion did not affect 
MAP (P=0.76, #2<0.01). To elaborate, 
no differences in MAP were observed 
before water ingestion (1.5ºC: 101±8 
mmHg, 37ºC: 98±7 mmHg, 50ºC: 
103±7 mmHg; P=0.08, #2=0.35), after 
water ingestion (1.5ºC: 104±9 mmHg, 
37ºC: 106±8 mmHg, 50ºC: 108±7 
mmHg; P=0.29, #2=0.11), or following 
15 min of exercise (1.5ºC: 122±29 
mmHg, 37ºC: 121±20 mmHg, 50ºC: 
125±26 mmHg; P=0.48, #2=0.08).  
Mean LSR, SBF and CVC pre and 
post-ingestion and after 15-min 
exercise 
Water ingestion affected mean 
LSR (Figure 4, left panel; P=0.039, #2=0.01) and SBF (Figure 4, middle 
panel; P=0.003, #2=0.03). Specifically, 
no differences in LSR were observed  
Figure 4. One-minute averages (±SD) for local sweat rate (LSR), skin blood flow (SBF) and cutaneous vascular 
conductance (CVC) at 5 min before and 5 min after water ingestion, and at the end (15 min) of exercise. Open 
circles and dotted line represents 1.5°C, grey squares and dashed lines represents 37°C, and closed triangles and 
solid lines represents 50°C. * denotes 1.5°C is lower than 50°C (P<0.05). 
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before (LSR: P=0.61, µ<0.01; SBF: 
P=0.79, #2<0.01) or after water ingestion 
(LSR: P=0.27, #2<0.01; SBF: P=0.20, #2=0.01). However, after 15 min of 
exercise, LSR and SBF responses in the 
50ºC trial (LSR: 0.52±0.17 mg•min-1•cm-2, 
SBF: 407±149%baselineAU) were greater 
than in the 1.5ºC trial (LSR: 0.42±0.13 
mg•min-1•cm-2, P=0.019, d=0.65; SBF: 
279±117%baselineAU P<0.001, d=0.96) 
but not the 37ºC trial (LSR: 0.50±0.22 
mg•min-1•cm-2, P=0.22, d=0.23; SBF: 
324±169%baselineAU, P=0.12, d=0.52). 
Also, no differences were found between 
the 1.5ºC and 37ºC trials (LSR: P=0.24, 
d=0.35; SBF: P=0.27, d=0.31).  
 
 
Figure 5. One-minute averages (±SD) for mean body (Tb), rectal (Tre) and skin temperature (Tsk) at 5 min before 
and 5 min after water ingestion, and at the end (15 min) of exercise. Open circles and dotted line represents 1.5°C, 
grey squares and dashed lines represents 37°C, and closed triangles and solid lines represents 50°C.    
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Water ingestion seemingly did not affect CVC (Figure 4, right panel; P=0.26; #2=0.03), 
however, the effect sizes after 15 min of exercise were similar between CVC and SBF (1.5ºC vs 
37ºC, CVC: d=0.66, SBF: d=0.31; 1.5ºC vs 50ºC, CVC: d=0.90, SBF: d=0.96; 37ºC vs 50ºC, 
CVC: d=0.32, SBF: d=0.52). Additionally, CVC was different after 15 min of exercise in the 
50ºC compared to 1.5ºC trial (P=0.051).  
All thermometric responses were similar between trials (Tb: Figure 5, right panel; P=0.85, 
µ<0.001; Tre: Figure 5, middle panel; P=0.20, #2=0.01; Tsk: Figure 5, right panel; P=0.40, #2=0.02).  
DISCUSSION 
To the best of our knowledge, this was the first study to investigate the effect of the 
temperature of ingested water prior to the start of exercise on thermoeffector responses during 
the early stages of exercise. The onset of both LSR and SBF was delayed following the ingestion 
of 1.5ºC water relative to the 50ºC trial. However, the thermosensitivity of these responses was 
similar between trials. The observed difference in thermoeffector onset, resulted in significantly 
lower LSR and SBF after 15 min of exercise, but no differences were observed at rest before and 
after water ingestion. The differences in onset of responses were considerably larger expressed as 
a function of time rather than absolute or change in Tb. Collectively, these results show that the 
ingestion of water of different temperatures alters thermoeffector responses by modifying the 
central drive for thermoregulation, whereas the peripheral responsiveness to the central stimuli 
remains unaltered.  
Typically, the onset threshold of a stimulus is considered to be mediated by the central 
signal sent to thermoeffector responses, whereas the thermosensitivity of a response is more 
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indicative of how a thermoeffector responds to a given stimulus (11, 29, 30). The present 
findings support this notion as the differences observed at 15 min of exercise time are likely 
explained by the observed differences in onset time as we found no differences in 
thermosensitivity. In animals, both visceral and cutaneous thermoreceptors follow similar central 
circuitry pathways (31). As such, the responses in the present study can be attributed to an 
excitation of warm-sensitive neurons in the hypothalamus with the ingestion of warm water (32), 
whereas the ingestion of cool water likely excited inhibitory neurons within the hypothalamus 
which then project to the warm-sensitive neurons in the preoptic area of the hypothalamus (33). 
Subsequently, these excitations or resultant inhibitions of warm-sensitive neurones in the 
hypothalamus would respectively up or down regulate the hypothalamic drive to sweat or 
vasodilate (26, 41, 42). Indeed, the modification of mean skin temperature has been 
demonstrated to modify the central drive for sweating, but not the thermosensitivity of the 
response, with approximately one tenth of the influence on whole-body sudomotor activity as 
core temperature (27). 
In technical terms, these thermoreceptors display characteristics of so called auxiliary 
thermoreceptors, typically a term reserved for cutaneous thermoreceptors (38). These 
thermoreceptors serve to function as a hybrid between traditional feedback thermoreceptors 
(hypothalamic thermoreceptors) and a feedforward mechanism, in which thermoeffector 
responses are activated in advance of a change in the feedback temperature (45). Indeed, the 
gastrointestinal tract is often conceptually considered to be outside the body as it is a continuous 
tube from the mouth to the anus and therefore the gastrointestinal tract serves a similar purpose 
as the skin in defending the interior milieu from the external environment (12). In the situation of 
ingested food and water that differ from body temperature, were the body unable to account for 
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the ingested thermal load or debt, local thermal homeostasis of organs located in close proximity 
to the gastrointestinal tract could be vulnerable to local thermal stress. This need for a quick 
response to ingested water of temperatures differing greatly from typical body temperature could 
likely explain why previous studies have reported that thermal stimulation of the stomach and 
duodenum results in modifications of whole-body thermoeffector responses while stimulation of 
the lower intestine, abdominal wall, and liver have no effect on thermoeffector responses (36).    
In order to isolate the independent influence autonomic control over SBF from the 
influence from changes in blood pressure, SBF values are typically divided by MAP to give 
cutaneous vascular conductance (CVC) (4). As in the initial data set we did not have blood 
pressure data, we collected data for an additional 8 participants to determine whether the 
differences in SBF was due to autonomic modification or due to the influence of blood pressure. 
In this subset, blood pressure was unaffected by the temperature of the ingested water and the 
effect size of water temperature on MAP was very low. This finding agrees with previous studies 
which found no differences in blood pressure at rest with 22°C water ingestion despite increases 
in muscle sympathetic nerve activity and a decrease in calf blood flow (39) and no differences in 
blood pressure between 9°C and 24°C water ingestion (15). Conversely in the present study, 
while not statistically different, the effect sizes for SBF and CVC in our subset of 8 participants 
were comparable to the collective total 20 participants. Additionally as cutaneous vasomotor and 
sudomotor activity are both controlled by skin sympathetic nerve activity (44), the differences 
observed in SBF is likely due to autonomic control and not due to differences in blood pressure. 
Finally, ice slurry ingestion prior to exercise has been demonstrated to be an effective 
way of improving exercise performance in the heat by lowering core temperature, however cold 
water and ice slurry ingestion during exercise have had limited success in lowering core 
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temperature (43). This lowering of core temperature with ice slurries before exercise likely 
occurs by taking advantage of the interthreshold zone, which is the range in which core 
temperature fluctuates without being actively defended by shivering or sweating (19, 20). In the 
present study, the 1.5°C aliquot did not create a sufficient negative thermal load or heat sink to 
cause a decrease in core temperature, yet delayed the onset of sweating and vasodilation and 
resulted in a lower thermoeffector responses after 15 min of exercise. As such, while we do not 
know how the onset thresholds for sweating and vasodilation would be altered following the 
reduction in core temperature with ice slurry ingestion, it is likely that the onsets of heat defense 
responses would be even more prolonged than in the present study. As such, metabolic heat 
storage would be comparatively elevated during this time point as it would take longer for heat 
loss responses to be activated thereby limiting the effectiveness of the cooling strategy (16). 
Indeed in a recent review (13) we report that several studies that used ice slurries to precool 
athletes reported greater rates of increase in core temperature during exercise relative to a control 
condition. As such, researchers and sport practitioners should consider the reduction in heat loss 
responses when prescribing ice slurries as a cooling intervention and future studies investigating 
the effect of precooling with ice slurries on early stage heat loss responses are warranted.   
Limitations 
Due to technical limitations blood pressure was not measured continuously so the 
assessment of the onset and thermosensitivity of CVC was not possible. Nevertheless, at all time 
points that MAP was measured, it was similar between all water temperatures, therefore it is 
highly likely that any differences observed in SBF were due to autonomic innervation and not 
differences in blood pressure. Further, while many studies represent skin blood flow values as a 
percent of baseline, ideally skin blood flow values from laser Doppler velocimetry should be 
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reported as a percentage of maximum response to enable comparisons between different 
environmental conditions (4). Due to technical limitations, we were unable to collect maximum 
skin blood flow values in the present study. However, as all experiments were carried out in a 
climate controlled chamber and a full 30 min baseline was obtained for each participant, the 
variability of baseline between trials would be minimized (4), however, the applicability of these 
findings to different environmental conditions may be affected.  Finally, esophageal temperature 
should ideally be used to assess thermoeffector onsets and thermosensitivities as it detects 
changes in core temperature much more rapidly than Tre. However, due to the direct influence of 
ingested water temperature on the esophageal temperature measurements, this method could not 
be used in the present study.  
CONCLUSION  
Expanding upon previous work from our laboratory, we characterized the effect of warm 
and cold water ingestion prior to exercise on heat-defense thermoeffector responses during the 
early stages of exercise. The change in mean body temperature at the onset of both sweating and 
skin blood flow was lower with warm water ingestion and higher with cold water ingestion but 
the thermosensitivity of both thermoeffector responses were unchanged. After 15 min of 
exercise, LSR and SBF were greater with warm compared to and cold water ingestion, however, 
Tre, Tsk and Tb as well as blood pressure were identical between conditions. Collectively, these 
findings suggest that cold and warm water ingestion prior to the onset of exercise alter the central 
drive to thermoregulate.  
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Chapter 6: Efficacy of electric fan use in simulated hot-dry and 
warm-humid heatwave conditions  
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ABSTRACT 
Heatwaves are becoming a prominent global health concern and while air conditioning is 
an effective cooling method, it is energy-intensive and not universally available. Electric fans 
present an accessible and economic alternative, but are presently discouraged by international 
health organisations despite a lack of evidence supporting or refuting their effectiveness. The 
purpose of the present study was to examine the efficacy of electric fan use during the peak 
conditions of two simulated historical heatwaves with emphatically different environmental 
conditions: Adelaide, 2009 (46°C, 10% relative humidity; hot-dry conditions) and Chicago, 1995 
(40°C, 50% relative humidity; warm-humid conditions). Eight males (29±6 y, 1.77±0.08 m, 
81.5±7.3 kg) were exposed to each heatwave condition separately on two occasions, once with a 
fan (FAN) and once without (CON), for two hours. Indices of thermal strain (rectal temperature; 
Tre), cardiovascular strain (rate pressure product; RPP), dehydration (whole-body sweat losses; 
WBSL) and comfort (whole-body thermal comfort; WBTC) were measured. In the simulated 
Adelaide heatwave, Tre (FAN: 37.57±0.33°C, CON: 37.28±0.21°C; P=0.011), RPP (FAN: 
11736±3514 bpm·mmHg, CON: 9441±2180 bpm·mmHg; P=0.007), WBSL (FAN: 1447±123 g, 
CON: 708±51 g; P<0.001) and WBTC (FAN: 74±23 mm, CON: 52±31 mm; P<0.001) were 
greater with fan use. Whereas in the simulated Chicago heatwave, RPP (FAN: 9329±1776 
bpm·mmHg, CON: 10378±1984 bpm·mmHg; P=0.054) and WBTC (FAN: 36±21 mm, CON: 
80±38 mm; P=0.007) were lower with fan use, Tre was unaffected (FAN: 37.47±0.43°C, CON: 
37.47±0.25°C; P=0.99) and WBSL was slightly higher (FAN: 689±87 g, CON: 431±55 g; 
P<0.001). Collectively, these results demonstrate that the effectiveness of electric fan use is 
environmental-condition dependent and that electric fans can be beneficial for lowering 
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cardiovascular strain and feelings of discomfort at levels currently discouraged by international 
health authorities.  
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INTRODUCTION 
Due to anthropogenic climate change, heatwaves around the world in the past few 
decades have become longer, more frequent and more severe (1, 25). Heatwaves dramatically 
increase mortality and morbidity rates (24) and are responsible for more deaths than all other 
types of natural disasters combined (5). Air conditioners are the most effective form of cooling 
during heatwaves for preventing heat related illnesses (19, 27), improving comfort (15) and 
maintaining work performance (18). Air conditioner use is increasing at a dramatic rate, with a 
predicted 700 million new air conditioning units to be in use worldwide by the year 2030 (28). 
Air conditioning use is also responsible for ~30% of electrical consumption in California and up 
to 60% in Delhi during summer months (28). This rapid rise in air conditioner use has occurred 
at a faster pace than upgrades to existing electricity supply systems and the massive surges in 
power demand during heatwaves (26) can lead to blackouts, which interfere with medical 
services and deprive cooling for those who need it most, and cause further preventable deaths 
(2). Moreover, the rapid growth in air conditioner use is forecasted to increase the annual carbon 
dioxide emissions by as much as 29.8 million imperial tons per year (6).  
Moving air with devices such as electric fans, as opposed to chilling it with AC, offers a 
cooling strategy with an up to 50-times lower electricity requirement and cost (34). However, 
many leading national and international public health authorities such as the Environmental 
Protection Agency (EPA) (35) and the Centers for Disease Control and Prevention (CDC) (4) in 
the United States, the National Health Service (NHS) in the United Kingdom (36) and the World 
Health Organisation (WHO) (37) currently advise that electric fans provide no cooling benefits 
or may even accelerate body heating and exacerbate dehydration in heatwave conditions. 
Problematically, these recommendations are not based on any human experimental evidence 
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whatsoever (12) and widely disagree on the temperature at which fans should be turned off (i.e. 
as low as 32°C (33) or as high as 37°C (4)). Further, these recommendations typically neglect to 
account for humidity levels, which can vary considerably between heatwaves across the globe 
(e.g. conditions for the 2009 Adelaide were hot and dry (46°C and 10% relative humidity (RH), 
whereas the 1995 Chicago heatwave was warm but humid (40°C and 50%RH).  
The primary reason these guidelines recommend against using fans during “hot” weather 
is probably because a greater air speed across the skin increases heat transfer through convection. 
As the direction of convective heat transfer is governed by the temperature difference between 
the skin and surrounding air, fan use would result in a progressively greater convective heat gain 
the more air temperature exceeds skin temperature (~35-36°C; (20)). However, irrespective of air 
temperature, increasing air speed across the skin can also facilitate a much greater heat loss via 
the evaporation of sweat, but only when evaporation is impaired by a high ambient humidity. 
Indeed, when humidity is very low most sweat will freely evaporate even with low air speeds 
across the skin. It follows that in conditions where ambient temperature is above skin 
temperature, fan use may worsen heat stress, as an increased air speed would result in greater 
heat gain through convection without providing further evaporative heat loss. It is therefore clear 
that whether fan use increases net heat loss and should thus be recommended as an effective 
cooling strategy in a heatwave will be determined by the prevailing temperature and humidity. 
This consideration is especially important as many health authorities and weather services have 
begun offering single values incorporating both temperature and humidity to predict subjective 
measures of how hot the conditions are, such as the heat index (3, 16, 32). Indeed, preliminary 
data suggests that in warm (36°C and 42°C) and very humid (~50%RH) environments, electric 
fans potentially provide a net cooling effect in healthy young men at rest (22, 23). However, 
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whether fan use is differentially beneficial during an extended (~2 h) exposure to a simulated 
hot/humid and very hot/dry heatwave conditions has not yet been investigated. 
The primary aims of this study were i) to assess whether electric fan use is beneficial for 
reducing thermal and cardiovascular strain as well as measures of dehydration in very hot and 
dry heatwave conditions (Adelaide 2009, 46°C [115°F] with 10% relative humidity; Heat Index: 
43°C [110°F]); and ii) contrast these responses with the effect of fan use observed in cooler but 
much more humid heatwave conditions (Chicago 1995, 40°C with 50% relative humidity) 
yielding a higher heat index (55°C [131°F]). We hypothesized that i) fan use would exacerbate 
thermal and cardiovascular strain as well as dehydration in very hot/dry heatwave conditions; 
and ii) despite a higher heat index, fan use would mitigate the development of thermal and 
cardiovascular strain with negligible dehydration effects at hot/humid heatwave conditions.  
METHODS 
Ethical Approval 
The experimental protocol was approved by the University of Sydney Human Research 
Ethics Committee and was in accordance with the Declaration of Helsinki. Written informed 
consent was provided by all volunteers in the study prior to participating in any data collection. 
The participants also completed an American Heart Association/American College of Sports 
Medicine Health/Fitness Facility Pre-participation Screening Questionnaire prior to 
experimentation. 
Participants  
Eight non-heat acclimated males (mean age: 29±6 y, height: 1.77±0.08 m, body mass: 
81.5±7.3 kg) were recruited. Participants did not consume caffeine or alcohol nor partake in any 
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strenuous exercise 24 h prior to testing. The participants were asked to maintain a consistent 
routine (e.g. sleep schedules) and consume a similar diet during the day before and day of the 
experimental sessions. All participants reported that they were not taking prescription medication 
and to the best of their knowledge, were free from cardiovascular and metabolic health disorders 
before consenting to the study. The sample size for the experiment was determined with a power 
calculation using G*Power 3 software (Heinrich-Heine-Universität Düsseldorf, Germany (9)) 
which was performed employing an α of 0.01, a β of 0.05, and an effect size of 1.8, calculated 
from the difference in critical upper limit for cardiovascular and thermal strain using a fan versus 
not using a fan in 42°C conditions (23). 
Protocol 
The study consisted of four experimental trials, wherein the participants would be 
exposed to one of two heatwave conditions, with or without the use of an electric fan and were 
completed in a counter-balanced order. The simulated heatwave conditions were based on the hot 
and dry 2009 Adelaide heatwave (46.0±0.5°C, and 8±2%RH) and the warm and humid 1995 
Chicago heatwave (40.0±0.5°C, and 50±5%RH). In all four experimental trials, participants were 
instrumented in a room outside the climate chamber regulated (23.0±0.9°C, and 32±10%RH). 
Following instrumentation and a further 15-min rest period, participants entered the climate 
chamber where they were weighed and then sat in a chair for a total of 2 h. Participants drank 
250 ml of cool (22°C) water every 30 min throughout the trial (750 ml total). Upon the 
completion of the trial they were reweighed and de-instrumented. In the fan trials, a 44.5 cm 
mechanical fan (Chrome Pedestal Fan TARCPF50, Target, Australia) was placed 1.25 m in front 
of the participants set on high which produced a mean whole-body air velocity of 2.0 m·s-1, 
which was confirmed using a hot wire anemometer (Omega Engineering, Stamford, CT, USA). 
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Participants were semi-nude, wearing only a pair of athletic shorts. All within-subject 
experimental sessions were completed at the same time of the day to avoid the influence of 
circadian variation.  
Measurements 
The measures taken and derived for this study were rectal temperature (Tre), mean skin 
temperature (Tsk), heart rate (HR), mean arterial pressure (MAP), rate pressure product (RPP), 
whole-body sweat losses (WBSL), whole-body thermal sensation (WBTS) and whole-body 
thermal discomfort (WBTC). For a detailed description of the instrumentation, please see 
Chapter 2. 
Statistical analysis  
For an overview of the statistical analyses, please see Chapter 2. The resting, final and 
change in thermometric (Tre and Tsk), cardiovascular (HR, MAP and RPP), perceptual (WBTS 
and WBTC) measures as well as WBSL were evaluated using a two-way repeated measures 
ANOVAs with the repeated measure of heatwave (two levels: Adelaide and Chicago) and fan 
use (two levels: FAN and CON).  
RESULTS 
Thermal strain 
Mean Tre and Tsk following the 2-h exposure to the simulated Adelaide (Hot/Dry) and 
Chicago (Warm/Humid) heatwaves are displayed in Figure 1. Baseline temperatures did not 
differ between trials (Tre: 37.04±0.35°C, P=0.79; Tsk: 32.82±0.96°C, P=0.08). In the simulated 
Adelaide heatwave, both Tre (FAN: 0.55±0.24°C, CON: 0.35±0.19°C; P=0.011) and Tsk (FAN: 
6.66±1.28°C, CON: 4.89±0.87°C; P=0.001) increased to a greater extent with fan use. 
Conversely in the simulated Chicago (Warm/Humid) heatwave, neither the increase in Tre (FAN: 
Fan-use in simulated heatwaves 
142 
0.31±0.23°C, CON: 0.43±0.27°C; P=0.09) nor in Tsk (FAN: 3.95±1.07°C, CON: 4.03±1.14°C; 
P=0.66) was different between trials. 
 
Figure 1. Mean (±SD) rectal and skin temperatures following 2-h simulated heatwave exposures with (FAN) or 
without (CON) an electric fan. * denotes higher values in FAN (P<0.05).   
Cardiovascular strain 
The mean measures of cardiovascular strain following the 2-h exposure period are 
displayed in Figure 2. Baseline cardiovascular measures did not differ between trials (HR: 63±12 
bpm, P=0.80; MAP: 95±8 mmHg, P=0.64; RPP: 7989±1724 bpm·mmHg, P=0.52). In the 
simulated Adelaide (Hot/Dry) heatwave, the change in HR (FAN: 31±12 bpm, CON: 10±7 bpm; 
P<0.001), and RPP (FAN: 3893±2261 bpm·mmHg, CON: 1459±1468 bpm·mmHg; P=0.007) 
were greater with fan use, however, the change in MAP was not different between conditions 
(FAN: -3±5 mmHg, CON: -1±6 mmHg; P=0.74). In the simulated Chicago (Warm/Humid) 
heatwave, both the change in HR (FAN: 9±4 bpm, CON: 19±11 bpm; P=0.037) and RPP (FAN: 
1145±689 bpm·mmHg, CON: 2431±1795 bpm·mmHg; P=0.054) were lower with fan use, 
however, the change in MAP was unaffected by fan use (FAN: -1±9 mmHg, CON: -3±5 mmHg; 
P=0.76).  
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Dehydration measures 
The WBSL values 
following the 2-h simulated 
heatwave exposures are displayed 
in Figure 3. In the simulated 
Adelaide (Hot/Dry) heatwave, 
WBSL was 739±103 g greater in 
the FAN compared to the CON 
trial (P<0.001). In the simulated 
Chicago (Warm/Humid) heatwave, 
sweat losses were 257±54 g higher 
with fan use (P<0.001).  
Thermal perception 
The mean perceptual 
measures at the end of the 2-h 
simulated heatwave exposures are 
displayed in Figure 4. Baseline 
values for WBTS (46±18 mm 
[slightly cool], P=0.79) and WBTC  
Figure 2. Mean (±SD) change in cardiovascular measures from baseline following 2-h simulated heatwave 
exposures with (FAN) or without (CON) an electric fan. * denotes higher values in FAN and # denotes higher 
values in CON (P<0.05).   
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Figure 3. Mean (±SD) whole-
body sweat losses following 2-
h simulated heatwave 
exposures with (FAN) or 
without (CON) an electric fan. 
* denotes higher values in FAN 
(P<0.05).   
 
 
5±11 mm [not uncomfortable], P=0.99) were not different at rest. Following the 2-h exposures, 
fan use caused greater increases in WBTS (FAN: 68±22 mm [from slightly cool to hot], CON: 
54±19 mm [from slightly cool to warm]; P=0.046) and thermal discomfort (FAN: 71±20 mm 
[from not uncomfortable to uncomfortable], CON: 48±31 mm [from not uncomfortable to 
slightly uncomfortable]; P<0.001) in the simulated Adelaide (Hot/Dry)  heatwave. On the other 
hand, in the simulated Chicago (Warm/Humid) heatwave, both WBTS (FAN: 35±20 mm [from 
slightly cool to warm], CON: 54±26 mm [from slightly cool to warm]; P=0.013) and WBTC 
(FAN: 30±15 mm [not uncomfortable to slightly uncomfortable], CON: 74±35 mm [not 
uncomfortable to uncomfortable]; P=0.007) were lower with fan use. 
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Figure 4. Mean (±SD) change in perceptual measures from baseline following 2-h simulated heatwave exposures 
with (FAN) or without (CON) an electric fan. * denotes higher values in FAN and # denotes higher values in CON 
(P<0.05).  
DISCUSSION 
The main purpose of this study was to examine the effectiveness of electric fan use for 
reducing thermal and cardiovascular strain and improving thermal comfort and hydration status 
in humans exposed to the simulated peak environmental conditions of historical heatwaves 
representing environmental conditions that differ greatly in temperature and humidity. Fan use in 
the hot-dry conditions of the 2009 heatwave in Adelaide (46°C, 10%RH) exacerbated increases 
in core and skin temperature, cardiovascular strain, sweat losses and thermal discomfort. 
Conversely, fan use in the simulated warm-humid conditions of the 1995 Chicago heatwave 
(40°C, 50%RH) tempered the increase in core and skin temperature, cardiovascular strain and 
feelings of thermal discomfort, however, these improvements came at the cost of a marginally 
greater sweat loss. Together these results clearly demonstrate that fan use can be beneficial for 
mitigating the negative effects of heatwaves at higher temperatures than currently prescribed by 
national and international health authorities (32 to 37°C) but that the effectiveness of fan use is 
highly dependent upon the environmental parameters of a given heatwave.  
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Electric fan use in the simulated hot and dry conditions of the Adelaide heatwave clearly 
exacerbated all relevant physiological and perceptual variables. As has been previously described 
(22), electric fans facilitate cooling in warm humid conditions by causing sweat that would 
otherwise sit on the skin or drip off the body and not contribute to latent cooling to evaporate. It 
follows that, due to the hot-dry conditions of the simulated 2009 Adelaide heatwave, wherein all 
of the sweat secreted onto the skin surface mostly evaporated even without fan use, and fan use 
was detrimental as greater air flow simply increased convective heat gain from the environment 
without much additional evaporative heat loss.  
In opposition to fan use in hot-dry conditions, fan use in warm and humid conditions of 
the Chicago heatwave was highly effective at mitigating the rise in body temperatures, lowering 
cardiovascular strain and greatly improving the participants’ perceptions of their thermal 
environment. Electric fan use is often discouraged during heatwaves due to a belief that they 
accelerate dehydration (4). The results from our present study do technically support this claim, 
as sweat rates were ~100 g/h greater with fan use compared to no fan use in the Chicago 
condition (Figure 4). However, this discrepancy in sweat losses could be offset simply by 
ingesting approximately one glass (i.e. ~200 ml) of water every two hours. Additionally, as the 
primary cause of mortality during heatwaves is cardiovascular failure (27) the benefits of the 
considerably lower cardiovascular strain, despite slight differences in hydration status, as 
demonstrated in Figure 2 clearly outweigh the slight increase in dehydration with fan use.   
Figure 5 demonstrates the most thermally stressful environmental conditions recorded 
within the last 10 years for the 12 countries (in green) that have been identified as having the 
greatest net air conditioner use potential (6). Additionally, several historically significant 
heatwaves are displayed. The peak conditions from 9 of the 12 countries are more similar to the 
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Figure 5: Peak environmental conditions (Ambient air temperature in the shade in °C, and associated relative humidity in % at this peak temperature) during 
record heatwaves from around the world. Blue circles denote conditions in which fan use would be beneficial and red circles denote where fan use would be 
detrimental for young healthy workers. Countries highlighted in green are those which have been identified as being the top 12 countries in the world by air 
conditioning potential (6, 30). Climatic data from https://www.wunderground.com. 
Fan-use in simulated heatwaves 
148 
warm and humid conditions of the Chicago heatwave simulation in the present study in which 
fan use was effective, as opposed to only 3 countries resembling the hot and dry conditions of the 
Adelaide heatwave. Therefore, these areas are prime candidates for the implementation of 
electric fans over air conditioning to reduce the imminent stress on the electrical delivery 
systems and carbon emissions. Indeed, an analysis of these aforementioned 12 highest air 
conditioner use potential countries predicted that by the end of the century without any efforts to 
mitigate carbon emissions, residential electrical consumption could increase by 83%, resulting in 
an additional 29.8 million tons of carbon due to air conditioner use (6). Furthermore, it is these 
same countries in South East Asia and the Indian subcontinent which are predicted to be most 
affected by increasing mean global temperature due to the high humidity levels in these regions 
(13, 17).  
Presently, epidemiological and public health assessments of heatwaves often focus solely 
on the detrimental effects of temperature (7, 8, 14). In order to combat this shortcoming, some 
meteorologists, epidemiologists, and public health officials have taken to using different hybrid 
measures of environmental stress in order to take into account the effects of wind, humidity and 
solar radiation on human-environmental heat exchange. Some of these measures include wet 
bulb globe temperature (WBGT) (32), the heat index (21, 31, 32), wet bulb temperature (29) as 
well as others (16). Some health organisations recommend that fans should not be used over a 
given WBGT or heat index value (35). Critically, in the present study the Adelaide heatwave 
conditions yield a heat index value of 43°C, compared to 55°C in the Chicago heatwave 
conditions. Similarly, WBGT for Adelaide would be 33°C relative to 41°C for Chicago. These 
findings illustrate that thermal indices should not be used to determine whether an electric fan 
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should be used, as the effectiveness of electric fans are highly dependent upon the specific 
characteristics of the ambient environment (specifically temperature and humidity).  
Limitations 
The present study was performed on young healthy men and therefore, the findings may 
not be applicable to other populations. Specifically, recent evidence suggests that fan use may be 
less beneficial for the elderly during heatwaves (10, 11). However, in most countries the majority 
of the population is below the age of 55 years (38), and of the high air conditioner use countries 
such as India and Vietnam, over 80% of the population is under 55 years (39, 40). Therefore for 
the purposes of conserving energy for more at-risk populations such as the elderly, electric fan 
use should be considered highly effective.   
CONCLUSION 
The present study unequivocally demonstrated that electric fan use increases thermal and 
cardiovascular strain as well as increases dehydration and discomfort in young healthy men 
during the simulated hot and dry conditions of the 2009 Adelaide heatwave. However, in 
contrast, fan use demonstrably improved both cardiovascular strain and discomfort levels in the 
warm and humid conditions of the simulated 1995 Chicago heatwave, and while these 
improvements came at the cost of slightly elevated sweating rates, the difference in hydration 
status could be accounted for by the ingestion of a single glass of water every two hours. A 
subsequent analysis of peak environmental heatwave conditions from around the globe 
demonstrated that only 3 of the 12 countries with the highest air conditioner use potential 
resembled the peak heatwave conditions of Adelaide, whereas 8 of the 12 resembled or were 
even less severe than the Chicago heatwave. These findings suggest that electric fan use is an 
effective, environmentally-friendly alternative for young, healthy individuals during warm-
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humid heatwaves, and therefore, this population can afford to abstain from air conditioning use 
in order to reduce energy demand and lower greenhouse gas emissions.      
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Chapter 7: Efficacy of commonly recommended low-resource 
personal cooling strategies during very hot-dry heatwaves 
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ABSTRACT  
 Although effective, air conditioning is costly, environmentally harmful, requires a high 
electricity demand, and is inaccessible to those with a lower socioeconomic status. Evidence-
based recommendations for alternative low-resource at-home cooling strategies are therefore 
urgently needed. While an effective cooling strategy in hot/humid heatwaves (40°C/50%RH) 
electric fan use accelerates body heating and cardiovascular strain in very hot-dry heatwaves 
(46°C, 10%RH). The purpose of the present investigation was to identify the optimal at-home 
cooling strategy in very hot-dry heatwave conditions that employs a resource that is commonly 
available: cool tap-water. Twelve males (28±5 y; 79.9±7.3 kg; 1.77±0.07 m) in a simulated 
46°C, 10%RH heatwave for 120 min on four separate occasions, while receiving one of four 
interventions in addition to cool (22°C) water ingestion: water ingestion only (CON), electric fan 
use with ad libitum skin wetting (F+S), immersing the feet to the upper shin (BATH), or ad 
libitum skin wetting (SPG). Indices of thermal strain (rectal (Tre) and skin (Tsk) temperature), 
cardiovascular strain (rate pressure product (RPP); i.e. heart rate × systolic blood pressure), 
dehydration (whole-body sweat losses; WBSL), and whole-body thermal comfort (WBTC) were 
measured. None of the interventions led to a lower Tre compared to CON (CON: 37.32±0.32°C, 
F+S: 37.40±0.43°C BATH: 37.42±0.40°C SPG: 37.35±0.36°C; P=0.57), however, both SPG 
(36.20±1.01°C; P=0.007) and BATH (36.62±0.54°C; P=0.011), but not F+S (37.12±0.91°C; 
P=0.87), lowered Tsk compared to CON (37.16±0.39°C). RPP was lower with SPG (8614±1776 
bpm·mmHg; P=0.007) but not with FNS (9580±1802 bpm·mmHg, P=0.78) or BATH 
(9168±1374 bpm·mmHg; P=0.31) relative to CON (9486±1544 bpm·mmHg). Mean WBSL was 
three times lower in the SPG (265±106 g; P<0.001) compared to CON (685±59 g). While BATH 
(533±84 g; P<0.001) also lowered WBSL compared to CON, F+S yielded similar WBSL 
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(576±327 g; P=0.17). All interventions improved WBTC relative to CON (CON: 47±22 mm; 
F+S: 28±22 mm, P<0.001; BATH 35±27 mm, P=0.05; SPG: 24±24 mm, P<0.001). In 
conclusion, skin wetting without fan use is the most effective method for lowering Tsk, 
cardiovascular strain, thermal discomfort and level of dehydration, while foot immersion 
lowered Tsk, level of dehydration and thermal discomfort to a lesser degree during a hot-dry 
heatwave.  
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INTRODUCTION 
 Due to anthropogenic climate change, heatwaves around the world have become longer, 
more frequent and more severe (1, 27). Heatwaves can be deadly, as demonstrated by the 2003 
European heatwave which was responsible for more than 70,000 preventable deaths (26). Air 
conditioners are the most effective form of cooling in a heatwave (4, 22, 32) and as such those 
who cannot afford are at greater risk of mortality (25, 32), thereby widening the inequality gap. 
Additionally, the rapid rise in air conditioner ownership and use (33) has occurred faster than 
upgrades to the existing electrical infrastructure (28), which can cause power outages leading to 
further preventable deaths (2). Therefore, effective, low-energy cooling alternatives are needed 
for times at which the electricity demand has reached or surpassed the maximal capacity. 
 Recently, we demonstrated electric fans were effective at lowering thermal and 
cardiovascular strain in warm and humid heatwave conditions (40°C, 50% relative humidity) 
similar to those experienced in Europe in 2003 and Chicago, USA in 1995/98; however fan use 
exacerbated thermal and cardiovascular strain in very hot-dry heatwave conditions (46°C, 10% 
relative humidity) (Morris et al, 2017, Chapter 6). The discrepancy in findings between the 
different heatwave conditions is due to a differential effect of increasing air flow across the skin 
on convective and evaporative heat transfer at ambient temperatures with low humidity 
compared to lower air temperatures with high humidity. Briefly, as ambient temperature exceeds 
skin temperature (~35°C) a greater air flow across the skin accelerates dry heat gain (via 
convection) from the environment. However, simultaneously a greater air flow can also increase 
the rate of evaporation of sweat from the skin surface, especially when evaporation is limited due 
to a high ambient humidity. In dry/arid environments though, most sweat evaporates even in 
relatively still conditions, and therefore the potential for a greater air flow improving evaporative 
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heat loss is very limited, unless perhaps additional moisture is externally applied to the skin, 
while an accelerated dry heat gain continues irrespective of ambient humidity 
 Currently, the most commonly recommended personal cooling strategy during heatwaves 
is water ingestion (7, 34, 35). While drinking water is certainly important for maintaining 
hydration status and avoiding the potential worsening of other health conditions during heat 
exposure (18, 32), several recent exercise studies have demonstrated that cold water ingestion is 
not effective at reducing thermal strain. Specifically, the heat lost to a cold ingested fluid is 
compensated by a parallel reduction in evaporative heat loss secondary to a lower sweat rate that 
is mediated by abdominal thermoreceptors that are independent of core and skin temperature (3, 
19, 20). While heat transfer to a cold ingested fluid is limited by the volume of water that can be 
held in the stomach, submerging the lower limbs in cool water may elicit a much larger amount 
of heat transfer due to the high level of vascularization and greater surface-to-volume ratio of the 
lower-leg and feet (13). Further, this type of intervention is convenient as it allows for continued 
use of the hands and is presently recommended as an effective cooling intervention by some 
public health authorities during heatwaves (36). Arguably, however, rather than consuming or 
submerging limbs in cold fluids, water applied directly to the skin may be the optimal approach 
for diminishing thermal strain during a very hot-dry heatwave. Water applied to the skin will 
freely evaporate in very hot-dry conditions, and the amount of heat lost through the evaporation 
of one gram of water (2430 J•g1) dwarfs the potential for heat loss via conduction (4.184 J•g-
1•°C-1) (21). 
 The purpose of the present study was to determine the most effective way to utilize tap 
water to mitigate thermal and cardiovascular strain as well as thermal discomfort and 
dehydration during hot and dry heatwave conditions (46°C, 10% relative humidity). Specifically, 
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three different ways of externally utilizing water in combination with water ingestion were 
compared to water ingestion alone: 1) externally applying cool water to the skin; 2) externally 
applying cool water to the skin in combination with electric fan use; 3) immersing feet in cool 
water. It was hypothesized that all three cooling strategies would reduce thermal and 
cardiovascular strain, and dehydration and thermal discomfort. It was further hypothesized that 
external skin wetting alone would be the optimal strategy due to a greater increase in evaporative 
heat loss, followed by foot immersion, and that skin wetting with a fan would be least effective. 
METHODS 
Participants  
The sample size for the experiment was determined with a power calculation using 
G*Power 3 software (Heinrich-Heine-Universität Düsseldorf, Germany (9)) which was 
performed employing an α of 0.01, a β of 0.05, and an effect size of 1.8, calculated from the 
difference in critical upper limit for cardiovascular and thermal strain using an electric fan 
compared to no fan use in 42°C conditions (24) determined 12 participants for and adequate 
sample size. As such, 12 non-heat acclimated males (28±5 y; 79.9±7.3 kg; 1.77±0.07 m) were 
recruited. 
Protocol 
 The study consisted of four experimental trials, wherein the participants would be 
exposed to simulated heatwave conditions based on the hot and dry conditions which occurred 
during the 2009 Adelaide heatwave (46.0±0.5°C, and 11±4%RH). The four experimental trials 
were as follows: control (CON), electric fan use and exogenous skin wetting (F+S), bathing the 
feet in a bucket of cool (22°C) water (BATH) and skin wetting with a sponge (SPG). In F+S 
trial, a 44.5 cm mechanical fan (Chrome Pedestal Fan TARCPF50, Target, Australia) was placed 
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1.25 m in front of the participants set on high which produced a mean whole-body air velocity of 
2.0 m·s-1, which was confirmed using a hot wire anemometer (Omega Engineering, Stamford, 
CT, USA). In the BATH trial, the participants submerged their legs into 60 L of cool (22°C) tap 
water up to the calves for 20 min duration, after which the participants removed their feet from 
the water and allowed their legs to air dry for the next 10 min before repeating the submerging 
process. Each time the legs were removed from the water bath, half of the water from the 
footbath was removed and refreshed with fresh water. In both the F+S and SPG trials, the 
participants were given a 15 L bucket filled with cool (22°C) tap water and a large sponge (DTA 
Australia Large Foam Sponge; Sydney). The participants’ wetted their skin ad libitum and 
were instructed at the beginning of the trial to wet their skin in order to “keep cool” and 
whenever their skin began to feel dry. The sponge-bucket was weighed every 15 min in order 
to determine how much water was used throughout the trial. 
In all four experimental trials, participants were instrumented in a room outside the 
climate chamber regulated (23.0±0.9°C, and 32±10%RH). Following instrumentation and a 
further 15-min rest period, participants were moved into the climate chamber where they were 
weighed and then moved into a seated position which they maintained for the two-hour duration 
of the trials. Participants were given 250 ml of cool (22°C) water to drink every 30 min 
throughout the trial (750 ml total). Upon the completion of the trial they were reweighed and de-
instrumented. Participants were semi-nude, wearing only a pair of athletic shorts. All within-
subject experimental sessions were completed at the same time of the day to avoid the influence 
of circadian variation.  
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Measurements 
 The measured and derived outcome variables for this study were rectal temperature (Tre), 
mean skin temperature (Tsk), heart rate (HR), mean arterial pressure (MAP) rate pressure product 
(RPP), whole-body sweat losses (WBSL), whole-body thermal sensation (WBTS) and whole-
body thermal discomfort (WBTC). For a detailed description of instrumentation, please see 
Chapter 2. 
Statistical analysis  
For an overview of statistical methods used, please see Chapter 2. Indices of thermal 
strain (Tre and Tsk), cardiovascular strain (HR, MAP and RPP) and perceived thermal state 
(WBTS and WBTC) were evaluated using a two-way repeated measures ANOVA with the 
repeated measure of cooling strategy (four levels: CON, F+S, BATH and SPG) and time (five 
levels: rest, 30, 60, 90 and 120 min of exposure). To compare WBSL a one-way repeated 
measures ANOVA was employed with the repeated factor of strategy. Water usage between F+S 
and SPG trials was compared using a paired student’s t test and Pearson’s correlation coefficient 
was determined in order to investigate the relationship between the participant’s water usage and 
the trial means of the dependent variables defined above.  
RESULTS 
Thermal strain 
 The mean values for Tre and Tsk throughout the 2-h exposure for the four cooling 
strategies are displayed in Figure 1. There was no effect of the cooling strategy on Tre (P=0.57) 
with all four strategies exhibiting similar Tre values at the end of the exposure (CON: 
37.32±0.32°C, FNS: 37.40±0.43°C BATH: 37.42±0.40°C SPG: 37.35±0.36°C). The cooling 
strategies affected Tsk (P<0.001). Specifically, mean Tsk was lower in SPG (36.20±1.01°C) 
Fan-use in simulated heatwaves 
164 
compared to CON (37.16±0.39°C; P=0.010) and F+S (37.12±0.91°C P=0.010) but not BATH 
(36.62±0.54°C; P=0.34) and BATH was lower compared to CON (P=0.011).    
 
Figure 1. Mean rectal and skin temperatures (±SE) throughout the 2-h heat exposure for the control (red circles; 
CON), fan and sponged (orange squares; F+S), foot bath (purple triangles; BATH) and skin wetting (teal diamonds; 
SPG). * denotes where SPG or BATH < CON (P<0.05).  
Cardiovascular strain 
 The mean measures of cardiovascular strain throughout the 2-h exposure period are 
displayed in Figure 2. The cooling interventions significantly altered HR (P=0.030). Compared 
to the mean HR in the CON condition (74±12 bpm), HR was similar in the F+S (76±14 bpm; 
P=0.41) and BATH (71±12 bpm; P=0.21) but lower in the SPG (69±11 bpm; P=0.007) trials. 
Similarly, the cooling strategies employed altered the prevailing RPP (P=0.03) wherein the F+S 
(9580±1802 bpm·mmHg; P=0.78) and BATH (9168±1374 bpm·mmHg; P=0.31) trials were 
similar to the CON trial (9486±1544 bpm·mmHg), but RPP in the SPG trial (8614±1776 
bpm·mmHg) was lower than CON trial (P=0.036). Mean trial MAP was similar (P=0.93) 
between all conditions (CON: 93±5 mmHg; F+S: 93±6 mmHg; BATH: 94±6 mmHg; SPG: 92±7 
mmHg).   
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Dehydration 
 The WBSL values following the 2-h 
simulated heatwave exposures are 
displayed in Figure 3. The cooling 
interventions effectively lowered WBSL 
(P<0.004). Specifically compared to the 
CON trial, WBSL was 109±370 g lower, 
but not different, in the F+S trial 
(P=0.55), 153±78 g lower in the BATH 
trial (P<0.001) and 420±137 g lower in 
the SPG trial (P<0.001). 
Thermal Perception 
 The mean perceptual measures 
throughout the 2-h simulated heatwave 
exposure for both WBTS and WBTC are 
displayed in Figure 4. There was a main 
effect of cooling intervention (P<0.001) 
on WBTS and the effectiveness of these 
cooling interventions were equivalent 
Figure 2. Mean heart rate, rate pressure product and mean arterial pressure (±SE) throughout the 2-h heat exposure 
for the control (red circles; CON), fan and sponged (orange squares; F+S), foot bath (purple triangles; BATH) and 
skin wetting (teal diamonds; SPG). Asterisk (*), hash (#) and phi (j) respectively denote where SPG, BATH or F+S 
< CON (P<0.05). 
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throughout the entire duration of the exposure (P=0.69). Specifically compared to the CON trial 
(98±13 mm [warm]), WBTS was lower in the F+S (85±16 mm [between slightly warm and 
warm]; P=0.002), BATH (87±17 mm [between slightly warm and warm]; P=0.012), and SPG 
(76±15 mm [slightly warm]; P<0.0001) trials. Further, WBTS was lower in the SPG compared to 
BATH trial (P=0.015) and also tended to be lower compared to F+S (P=0.067), while no 
difference was observed between BATH and F+S (P=0.43). 
 
Figure 3. Whole body sweat losses accrued 
throughout the 2-h heat exposure for the control (red; 
CON), fan and sponged (orange; F+S), foot bath 
(purple; BATH) and skin wetting (teal; SPG). * 
denotes where SPG or BATH < CON (P<0.05). 
  
 
WBTC was dramatically altered by the cooling interventions (P<0.0001). Compared to the CON 
trial (47±22 mm [between slightly uncomfortable and uncomfortable]), participants felt much 
less uncomfortable in the F+S (28±22 mm [between not uncomfortable and slightly 
uncomfortable]; P=0.002), BATH (35±27 mm [slightly uncomfortable]; P=0.050) and SPG 
(24±24 mm between not uncomfortable and slightly uncomfortable]; P<0.001) trials.      
Water usage in the F+S and SPG trials 
 For the two trials that employed external skin wetting, on average twice as much water 
was used in the F+S (3298±1890 g) compared to the SPG (1560±1023 g; P=0.009) trial. Figure 5 
contains the scatter plot graph, line-of-best-fit and correlation between the participants’ water 
usage in the F+S and SPG trials with the trial means for Tre, Tsk, WBSL, WBTS and WBTC.  
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Figure 4. Mean whole-body thermal sensation 
and whole-body thermal comfort (±SE) 
throughout the 2-h heat exposure for the control 
(red circles; CON), fan and sponged (orange 
squares; F+S), foot bath (purple triangles; BATH) 
and skin wetting (teal diamonds; SPG). * denotes 
where SPG, BATH and F+S < CON (P<0.05). 
Solid line denotes main effect. 
 
 
There was a correlation between water usage and reductions in Tsk (F+S: r=-0.85, P<0.001; SPG: 
r=-0.85, P<0.001) as well as WBSL (F+S: r=-0.91, P<0.001; SPG: -0.72, P=0.008) and there was 
a trend towards a negative correlation with WBTC (F+S: -0.59, P=0.06; SPG: r=-0.57, P=0.07). 
All other variables were not significantly correlated with water use (Tre[F+S: r=-0.26, P=0.44; 
SPG: -0.44, P=0.15], HR[FNS: r=-0.51, P=0.11; SPG: -0.04, P=0.90], RPP[F+S: r=-0.38, 
P=0.25; SPG: -0.15, P=0.64], WBTS[F+S: r=-0.50, P=0.11; SPG: r=-0.07, P=0.83] and 
MAP[F+S: r=0.38, P=0.25; SPG: -0.31, P=0.32]).   
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Figure 5. The relationship between (from top to bottom) rectal temperature, skin temperature, rate pressure product, 
whole-body sweat losses and whole-body thermal sensation with the amount of water sponged onto the skin surface 
in the fan and sponge (left column; F+S) and sponge (right column; SPG) trials.
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DISCUSSION 
 The purpose of this study was to determine the best way of using tap water to mitigate 
development of thermal and cardiovascular strain during a 2-h simulated exposure to a very hot-
dry heatwave. While core temperature remained similar between all cooling strategies, the rise in 
skin temperature, and the development of heat-related cardiovascular strain and discomfort was 
most effectively blunted by externally applying water to the skin surface without the use of a fan. 
Moreover, this strategy resulted in a ~3-times slower rate of dehydration. Externally applying 
water to the skin while using a fan required twice as much water but was not an effective cooling 
strategy under very hot-dry heatwave conditions. Immersing the feet in cold tap water 
successfully mitigated cardiovascular strain and reduced the rate of dehydration, but not to the 
same extent as externally wetting the skin without a fan. These findings suggest that the best at-
home cooling intervention that can be employed in the absence of air conditioning is external 
skin wetting and demonstrate the importance of not conflating perceptions of coolness with 
being physically cool.    
 Currently, the most commonly prescribed cooling intervention during a heatwave is to 
drink plenty of fluids (7, 35). However, it well established in the physiological literature that cold 
water ingestion is not an effective cooling intervention as the heat lost to the ingested fluids is 
counterbalanced by suppressions in sweating, and consequently, evaporative heat loss (3, 19, 
20). Alternatively, water consumption is of greater importance for maintaining hydration status, 
as dehydration can lead to a substantial increase in cardiovascular strain (18) and renal strain 
(17)– both major contributors to fatalities during heatwaves. The elderly are particularly 
predisposed to dehydration due to a reduced thirst perception as well as diminished physiological 
ability to adequately regulate fluid balance within the body (15). A common reason for 
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dehydration in the elderly is voluntary dehydration in order to avoid having to urinate (31). In the 
present study, we demonstrate that to maintain water balance in the CON trial participants would 
need to ingest nearly three glasses of water every two hours, whereas by applying water to the 
skin, participants would only need to ingest approximately one glass of water every two hours; 
effectively slowing down the rate of dehydration by three-fold. Indeed, as dehydration is a 
balance of the amount of fluid entering the body compared to amount of fluid leaving the body, 
during heatwaves this intervention could be very beneficial for groups who regularly do not 
consume sufficient amounts of water to stay hydrated such as heart failure patients (8) and those 
who restrict fluid consumption for cultural reasons (e.g. observation of Ramadan (16)).  
 While, SPG was highly successful at lowering Tsk and cardiovascular strain, dehydration 
and thermal discomfort, the F+S and BATH trials were not as successful. In the F+S trial, a 
greater convective heat gain would have arisen from fan use compared to no fan use (CON trial) 
as previously reported (Morris et al, 2017, Chapter 6). Some of the water applied to the skin in 
the F+S trial evidently evaporated as markers of cardiovascular and thermal strain were not 
higher than the CON trial, however this additional evaporation was at least partially offset by the 
greater convective heat gain with greater air movement across the skin.  As can be seen in figures 
1 and 2, the immersion of the feet in cold water appeared to be most effective earlier in the trial 
for reducing physiological strain, but cooling effect became progressively diminished the trial 
continued, likely due to water temperature slowly rising throughout the trial. Mean water 
temperature in the footbath began at ~22°C but rose to ~24°C by the end of the trial. This effect 
could potentially be offset by replacing the water more regularly, however thermal sensation did 
not become warmer as the trial progressed. Therefore whether the average person at home may 
have the awareness to replace water in a water bath with sufficient regularity to maintain at a 
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particular temperature to reduce cardiovascular strain may not occur as WBTS and WBTC are 
the drivers for thermal behaviour (29). 
Indeed, an important finding from the present study is that the perceptual responses did 
not follow the same trend as the physiological measures. Presently, there is little if any 
quantitative evidence demonstrating which low-cost cooling interventions are effective during 
heatwaves, yet there is a large amount of recommendations from health authorities (37), websites 
(38) and news stations (39). The present findings, however, highlight the dangers of following 
recommended cooling interventions solely by thermal perception, as the physiological and 
perceptual responses to a given intervention were highly divergent. This discrepancy was 
particularly evident in the F+S trial, as none of the measures of thermal or cardiovascular strain, 
or dehydration were reduced, however participants reported feeling both cooler and more 
comfortable in the F+S trial compared to CON. Parallel findings have been observed in the 
sports medicine literature wherein participants would rate their whole-body thermal sensation 
lower following cold fluid ingestion compared to a control fluid, despite no observable 
differences in core or skin temperature (5, 30).  Further as observed in Figure 5, the amount of 
water used for skin wetting by the participants to maintain a WBTS below warm (most scores 
were between 60 and 80 mm indicating values between “neutral” and “slightly warm”) varied 
drastically between participants. Although WBTS was similar at these different levels of water 
usage, skin temperatures and sweat rates were significantly negatively correlated with water 
usage. Therefore, simply informing people to “stay cool” during heatwaves may not be sufficient 
information as an individual’s sense of being cool may not align with the level of physiological 
strain the person is experiencing.  
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 Previously we have demonstrated that fan use lowers thermal and cardiovascular strain in 
young healthy males in 36°C and 42°C with high levels of humidity (24) due to a much greater 
evaporation from the skin facilitated by greater air flow (23). However the efficacy of fan use for 
cooling at 42°C with 50% relative humidity is greatly reduced in the elderly (11) due to age-
related decrements in sweating (12). The findings of the present study indicate that exogenously 
wetting the skin with water enables cooling with limited sweating. It follows that such an 
approach may improve the efficacy of fan use for cooling the elderly in hot-humid heatwave 
conditions. However, further experimentation is required to confirm this notion. 
Limitations 
 The relatively young male participants assessed in the present study likely possess a 
greater thermoregulatory capacity compared to their female counterparts (10) and the elderly 
(14). However, the principal physiological limitation of both females and the elderly in the heat 
is insufficient sweating. The cooling benefits of external skin wetting in the present study are 
predominantly independent of sweating capacity so the present findings may be transferrable to 
other population groups. However, testing in other populations is required for confirmation. 
Additionally, while external skin wetting was very effective in a hot dry heatwave scenario, it 
may be less effective in a warm and humid heatwave scenario, wherein the maximum amount of 
heat lost through the evaporation is environmentally restricted (6). In such a scenario, adding fan 
use, which is already beneficial in these conditions (Morris et al, 2017, Chapter 6) would likely 
be more beneficial. Finally, the participants in this study were dressed in only shorts, and the 
effectiveness/practicality of skin wetting may be diminished with different clothing ensembles. 
 
 
Fan-use in simulated heatwaves 
173 
CONCLUSIONS 
 Following on from our previous work demonstrating electric fan use was not an effective 
cooling strategy in very hot-dry heatwave conditions, the present study demonstrates that 
externally applying tap water to the skin without an electric fan reduces the rise in skin 
temperature by ~1°C, blunts the development of heat-related cardiovascular strain by up to 
~25%, slows the rate of dehydration by ~3-fold, and reduces the thermal discomfort compared to 
cold water ingestion only. On the other hand, externally applying cold water to the skin with 
electric fan use required twice as much water, but was not an effective cooling strategy in very 
hot-dry heatwave conditions. Future research is required to assess the efficacy of these cooling 
strategies in other at-risk populations in a heatwave, such as the elderly and individuals with 
cardiovascular disease.  
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SUMMARY 
In order to understand how effective any given intervention will be at mitigating thermal 
stress, two things must be known: the characteristics of the ambient environment surrounding the 
individual and how the thermoregulatory control system will respond to the given intervention. 
One context of thermal stress which is presently a growing concern is the threat of climate-
change driven heatwaves to human health. Presently, very little evidence currently exists to 
support or refute the effectiveness of commonly recommended at-home cooling interventions to 
cope with extreme heat. Therefore, the present thesis sought to: 1) mechanistically investigate 
how the human thermoregulatory control system compensates for internally applied cooling 
interventions (Chapters 3-5); 2) characterise how heat, humidity and air velocity interact to affect 
heat balance during prominent heatwave conditions (Chapter 6); and 3) use the acquired 
knowledge from Chapters 3-5 to inform an investigation into the most effective cooling 
intervention for the hot-dry heatwave condition in chapter 6, wherein increases in air velocity did 
not reduce heat stress (Chapter 7). The primary findings of this thesis are as follows:  
• Chapter 3 confirmed the existence of visceral thermoreceptors in the abdomen which 
modify whole-body thermoregulatory responses to heat and cold, independently of 
differences in core and skin temperature. 
• Chapter 4 demonstrated that due to these visceral thermoreceptors, the ingestion of ice 
slurries during steady state exercise not only are ineffective at lowering core temperature, 
but in fact elicit an over-suppression of sweat losses, resulting in greater rather than lesser 
heat storage compared to thermoneutral fluid. 
• Chapter 5 further illustrated that due to these visceral thermoreceptors, ingestion of hot 
and cold fluids reduce and prolong, respectively, the onset of heat loss responses, 
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independently of differences in core and skin temperature; thereby likely reducing the 
effectiveness of ingesting cold fluids prior to starting exercise as heat storage will be 
greater at the onset of exercise with cold relative to thermoneutral fluids. 
• Chapter 6 established that, despite current recommendations from the World Health 
Organisation and other major health authorities, fan use in simulated warm-humid 
conditions of the 1995 Chicago heatwave (40°C, 50%RH) lowered thermal and 
cardiovascular strain, as well as feelings of thermal discomfort at the cost of slightly 
greater dehydration, which could be easily offset by ingesting one glass (250 ml) of water 
every two hours. Conversely, fan use in the simulated hot-dry conditions of the 2009 
Adelaide heatwave (46°C, 10%RH) exacerbated thermal and cardiovascular strain, 
dehydration status and thermal discomfort.  
• Finally, Chapter 7 indicated that in the hot-dry conditions of the 2009 Adelaide heatwave 
(46°C, 10%RH), both immersion of the feet in cool water and ad libitum external skin 
wetting were effective at lowering thermal and cardiovascular strain, thermal discomfort 
and dehydration status, but skin wetting was notably superior.  
As these main findings were discussed within their respective chapters, the following 
section pertains to implications and future directions for research that arose as a result of the 
findings from this thesis. 
IMPLICATIONS AND FUTURE DIRECTIONS 
The existence of visceral thermoreceptors in humans  
In Chapter 3, the primary purpose of investigating the effect of ingested fluid temperature 
on cold-defence thermoeffector responses was to confirm the existence of visceral 
thermoreceptors in the abdomen. The existence of these thermoreceptors was confirmed, as 52°C 
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water ingestion increased whereas 7°C and 22°C water ingestion decreased 
metabolism/shivering, independently of any differences in core, skin or mean body temperature; 
thereby aligning with our hypothesis and effectively mirroring the sweating alterations 
previously observed with ingested fluid temperature during exercise in the heat. A side-by-side 
comparison of the two responses and discussion on the similarities of responses was published in 
Temperature (36) and summarised in Figure 1.  
Supporting evidence from Chapter 3 for the existence of abdominal thermoreceptors are 
as follows: 1) Fluid temperature modifies metabolic and shivering responses independently of 
any parallel differences in core or skin temperature between ingested fluid temperature at any 
point in time, similar to previous observations in the heat, 2) Differences in muscle activity were 
observable within one minute of fluid ingestion, 3) Ratings of whole-body thermal sensations 
(WBTS) reflected the physiological responses, demonstrating that visceral thermoreceptors 
contribute to perceptual responses in addition to physiological responses and 4) Some form of 
limitation to compensate the heat lost to 7°C water ingestion existed, as the change in metabolic 
heat production, muscle activity and WBTS were exactly the same between the 7°C and 22°C 
water ingestion trials.  
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Figure 1. Redrawn thermometric (mean body temperature, bottom panels) and physiologic responses (sweat rate, 
top left panel; metabolic rate, top right panel) to warm and cold fluid ingestion during exercise in the heat (left 
panels) from Morris et al. 2014 (33) and passive cold exposure (right panels) from Morris et al. 2017 (34). Dashed 
lines denote time points at which fluid ingestion occurred. Reused with permission (36).  
Warm fluid ingestion in the cold 
While the main purpose of Chapter 3 in the scope of the thesis was to confirm the 
existence of thermoreceptors in the abdomen, the findings led to several questions regarding 
heating interventions in the cold to be investigated in the future. Specifically: 1) whether 
ingested water temperature can affect the type of shivering that occurs and consequently the 
substrates that are utilised to fuel shivering and 2) if ingested fluid temperature can improve 
gross motor performance.  
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While in Chapter 3, shivering was considered a singular response, it can be sub-divided 
into two separate classes of shivering: type one or tonal shivering, which is an increase in 
muscular tone through sustained mild muscle contractions; and type two or burst shivering, 
which can be described as sporadic strong asynchronous muscle contractions (29). Specifically, 
tonal shivering produces lower levels of metabolic heat production, is primarily induced by the 
contraction of type 1 muscle fibres, and is generally fuelled by fat oxidation (18, 19). On the 
contrary, burst shivering produces higher levels of heat production, is primarily induced by type 
2 muscle fibres, and is generally fuelled by carbohydrate oxidation (18, 19). Similarly to 
exercise, as shivering intensity increases, fuel metabolism switches from a greater usage of fats 
to carbohydrates for metabolism (19). Therefore, following on from the findings of Chapter 3, 
from a practical perspective warm water ingestion during cold exposure could potentially switch 
shivering from type one to type two, thereby preserving carbohydrate stores in the cold. Indeed, 
hypoglycaemia has been demonstrated to suppress shivering thermogenesis (13, 17, 39) and has 
been suggested to be due to the suppression of cold sensitive thermoreceptors within the 
hypothalamus (13). While hypoglycaemia is unlikely to occur by shivering alone, combined with 
high intensity (5) or prolonged physical activity (9), this hazard becomes more probable and 
defensive measures are required.  
 In addition to the effects of shivering on glucose stores and utilization, increases in 
shivering decrease gross motor performance (29, 30) and can increase fatigue (45). Specifically, 
tonal shivering seems to have a limited effect on motor performance whereas burst shivering 
interferes with voluntary muscle contractions (31). As burst shivering occurs more in larger 
proximal muscles compared to the smaller distal muscles used fine motor tasks (4, 22), 
maintaining shivering intensity at level where the metabolic heat production required to maintain 
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heat balance at a level which tonal shivering would be able to produce enough heat would be 
beneficial for manual labour tasks. Therefore, in addition to warm fluid ingestion presenting the 
opportunity to preserve carbohydrate stores, it may also improve gross motor performance by 
reducing interference to performance caused by burst shivering.   
Effective cooling during exercise in the heat 
 The results from Chapter 4 demonstrates that ice slurry ingestion, which elicits a far 
greater amount of internal heat loss relative to cold water ingestion, is ineffective at lowering 
thermal stress during exercise, as the ingested cold fluid was detected and compensatory 
modifications were made to thermoeffector responses prior to reductions in core temperature. As 
discussed in a recent editorial published in Temperature (35), ice slurry ingestion should result in 
greater heat loss than cold water ingestion as much more heat is needed to melt ice (334 J•g-1) 
than to warm water of water (4.184 J•g-1•°C-1). While the melting of ice does provide a greater 
amount of heat loss, it is still considerably less than the amount of heat lost to the evaporation of 
water/sweat (2430 J•g-1). In order to put these different amounts of heat loss into perspective, 
Figure 2 illustrates the amount of heat lost to 250 g of water, by ingesting it as 1°C water, by 
ingesting it as half 1°C water and half ice, or by evaporating the 250 g of water from the skin 
surface. Assuming a core body temperature of 38°C, drinking 250 ml of 1°C water would result 
in an additional heat loss of 39 kJ. If half of the water was then replaced with ice, as is done with 
ice slurry, the potential for additional heat loss would more than double to 81 kJ. However, if the 
250 g of water were entirely evaporated from the surface of the skin, the additional heat loss 
would be 607 kJ; 7.5 times greater than with ice slurry ingestion. One caveat is that, while it is 
relatively easy to ingest water without spilling it, ensuring 250 ml of water is distributed across 
the skin in a way that it all evaporates is much more difficult. However, it is important to keep in 
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mind that if just 15% of that water evaporates from the skin, the heat loss would still be greater 
than ingesting the entire 250 ml ice slurry.  
 
Figure 2. The theoretical maximal amount of heat loss to a fixed amount of 250 ml of water applied as a cooling 
agent in 3 different ways (from left to right): 1) evaporated from the skin surface, assuming 100% was evaporated, 
2) lost to the ingestion of a half-water, half-ice mixture, and 3) lost to the ingestion of 1C water. Reused with 
permission (35). 
 Importantly, the effectiveness of dousing oneself with water would be largely dependent 
upon the environmental conditions, similar to how the environmental conditions dictated the 
effectiveness of electric fan use in Chapter 6. As previously mentioned, how much evaporative 
heat loss is possible is dependent upon the absolute humidity within the air (38). Therefore, in 
humid environments, such as the tropics, self-dousing with water would be considerably less 
effective than in a dry environment such as a desert setting. Indeed, in exceptionally humid 
environments in which evaporative heat loss is very limited, ice slurries may become more 
effective for heat loss, as sweating efficiency would be so low that any reductions in sweating 
caused by visceral thermoreceptor activation, would merely decrease the amount of sweat 
dripping off the skin. Further, as evaporation is facilitated by greater air flow, exercise modality 
would also likely influence the effectiveness of water dousing and ice slurry ingestion. Since 
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running and especially race walking have relatively low self-generated air flow compared to 
cycling, water dousing would likely be more effective during cycling and running in dry 
environments where more of the water poured onto the athlete will evaporate. Conversely, 
during race walking or running in humid environments, water dousing may not be as effective 
due to low air speed, and once again if sweating efficiency is compromised in these situations, 
ice slurry ingestion may prove to be more effective.  
Fluid ingestion at rest in a thermoneutral environment 
 In Chapter 5, a difference between skin blood flow and cutaneous vascular conductance 
before and after fluid ingestion at rest was expected but not observed. During rest in a 
thermoneutral environment, heat balance is primarily maintained by fine adjustments in 
vasomotor activity which occur prior to, and in conjunction with, behavioural responses (42). To 
date, whether fluids of different temperatures affects this baseline vasomotor control has not 
been properly investigated, although one study observed no differences in blood pressure and 
heart rate from baseline with 22°C water ingestion, despite increases in muscle sympathetic 
nerve activity and a decrease in calf blood flow (44). Whereas sudomotor activity is principally 
controlled by autonomic innervation, vasomotor activity is controlled by both sympathetic 
innervation as well as multiple locally released vasodilatory chemicals (26, 46, 47), which are 
especially released due to local temperature-dependent release of nitric oxide (15). Therefore 
perhaps, the lack of a difference in skin blood flow and cutaneous vascular conductance in 
Chapter 5 were due to interference from local skin temperature. However, further investigations 
into the effect of ingested fluid temperature on vasomotor activity at rest in cool and warm 
environments are warranted. 
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Fan use during heatwaves 
 In Chapter 6, only two simulated heatwave conditions were tested: the hot-dry conditions 
of the 2009 Adelaide heatwave and the warm-humid heatwave conditions of the 1995 Chicago 
heatwave. The reason these heatwave conditions were selected was that both temperatures were 
above what is commonly listed as unsafe temperatures to use fans (i.e. above 32-37°C) (6, 20, 
49). Figure 3 is a redrawn figure from a previous publication from our research group which 
plotted the peak heatwave conditions from several historically significant heatwaves on a model 
depicting which environmental conditions within which fan use should theoretically be 
beneficial (24). Peak heatwave conditions will typically be hot (>42°C) and dry (<15% RH) or 
warm  (~35-38°C) and humid (>50%RH), but hot (>42°C) and humid (>50%RH) heatwaves are 
very rare. Further, as Figure 3 demonstrates the environmental conditions of the heatwaves in 
Chapter 6 fell very close to the point wherein fan use theoretically becomes detrimental (24). 
Therefore, it is at these points wherein the effect of electric fan use on physiological and 
perceptual responses is the most neutral, neither alleviating nor exacerbating heat stress. Indeed, 
as ambient temperature and relative humidity decreases (representing a lower and or leftward 
shift of the boundary in Figure 3), the effectiveness of fan use for reducing thermal and 
cardiovascular strain, dehydration status and thermal discomfort should be even greater. Further, 
the environmental conditions of the heatwaves presently tested were peak conditions, which 
during an actual heatwave would typically only occur for a maximum of 2 hours of the day, after 
which temperatures would decrease and fan use would become more effective.  
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Figure 3. (Original figure based upon Jay et al. 2015 ((24)) Theoretical guidelines for when fan use would be 
beneficial (white zone), detrimental to the elderly (light grey zone) and detrimental to everyone (dark grey zone). 
Numbered circles represent peak hourly heatwave conditions for: Sydney, 2013 (1); Washington DC, 2012 (2); 
Paris, 2003 (3); Newark, 2011 (4); Chicago, 1995 (5); New York, 2006 (6); Chicago, 1999 (7); Washington DC, 
(night) 2012 (8); Chicago (night), 1999 (9); Paris (night), 2003 (10). Dashed lines indicate existing environmental 
limits issued by the US Environmental Protection Agency (EPA1 (50), EPA2 (50)). 
Recent studies on projected future heatwaves, which examined both temperature and 
humidity, suggested that the global areas which are at the most risk for dramatic increases in the 
number of lethally hot days per year, due to increasing global temperatures, were in the tropics, 
such as south east Asia and India (21, 32). It is worth noting that heat stress in these areas is 
expected to be very dangerous not due to high ambient temperatures, but high humidity at lower 
temperatures (21, 32). Indeed, following the RCP4.5 model of climate change assuming 
moderate carbon dioxide production mitigation, the average daytime temperatures in these areas 
are not expected to reach above ~35°C (21, 32). Therefore, based upon the findings of Chapter 6, 
these areas would be well suited to electric fan use, especially as a relatively large number of 
countries in this region have the greatest potential for increased air conditioning use (8). For 
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example, due to large populations, number of days requiring cooling and cooling required per 
day, the amount of electricity devoted to air conditioning could become 15, 5.2 and 3.1 times 
greater in India, China and Indonesia, respectively, compared to the United States (48). Indeed, 
even partial adoption of electric fan use in these regions by young, healthy individuals would 
help to reduce the 29.8 million tons of additional air conditioner-associated carbon dioxide 
release per year forecasted for these areas (8). Notably, young males could be encouraged to 
voluntarily switch to electric fan use in lieu of air conditioning during heatwaves, as a form of 
electricity conservation similar to water conservation during droughts, in order to reduce 
electricity demand and the concomitant risk of power failures associated with air conditioner use 
(41), which has been shown to lead to a catastrophic escalation of preventable heat-related 
mortality and morbidity (e.g. Pakistan heatwave in 2015) (2).    
Finally, as electric fan use was not effective in the hot-dry conditions employed in 
Chapter 6, Future studies should be undertaken to determine the threshold combinations of 
temperature and humidity levels at which fans are an effective cooling device in dry conditions. 
Effective cooling during heatwaves 
 As discussed in Chapter 7, it has recently been demonstrated that electric fan use 
exacerbates thermal and cardiovascular strain in the elderly in environmental conditions of 42°C 
and above 50% relative humidity, due to an age-related decrement in the capacity to 
physiologically wet the skin (i.e. sweat) (11, 12). Also discussed in Chapter 7 was how external 
skin wetting would likely be beneficial for this population, as the application of exogenous water 
to the skin reduces or eliminates the need to sweat. In addition to the elderly, most often when a 
clinical population has thermoregulatory dysfunction, the primary concern is an inability to 
sweat, as sweating is the most potent physiological mechanism for heat loss. As such, in addition 
General discussion and conclusions 
191 
to the elderly, skin wetting would likely be the preferred cooling intervention for skin graft 
patients (7), those with spinal cord injury (16), heart failure (3), diabetes (40) and an array of 
autonomic disorders such as: Parkinson’s Disease (25), multiple sclerosis (1) and autoimmune 
autonomic ganglionopathy (27). Additionally, external skin wetting could be beneficial for 
occupations involving manual labour in hot environments in which chronic dehydration is a 
common problem amongst their workers (28) and have periodic breaks during which the skin 
wetting could be applied (23). 
 As noted in Chapter 1, previous studies have demonstrated the difference in relative 
contribution of core temperature and skin temperature to the control of sweating, shivering, and 
thermal comfort (10, 14, 37). Additionally, it is primarily thermal comfort which drives 
thermoregulatory behavioural responses (43). These observations may provide insight into the 
findings from Chapter 7. Since skin temperature has a far greater control over thermal comfort 
than core temperature (10), cooling the skin, as was done in the present study, would have had a 
disproportionately larger effect on improving thermal comfort while having a much smaller 
effect on reducing physiological strain. 
LIMITATIONS AND DELIMITATIONS 
 The participants recruited for this thesis were very homogenous. All were healthy males 
between the ages of 18 and 40 years, and of fairly average weight and height. It is well 
established that many factors such as age, sex, disease state, certain medications, and potentially 
extremes of body morphology affect thermoregulatory responses. As such the findings of this 
study may be limited to young healthy males and further testing to extrapolate these findings to 
other groups is needed.  
General discussion and conclusions 
192 
THESIS CONCLUSIONS 
 The main findings from the experimental chapters of the present thesis are as follows: 
Firstly, warm and cold fluid ingestion results in smaller and greater, respectively, metabolic rate 
and muscle activity from shivering without any concurrent difference in rectal, skin or mean 
body temperature occurring at any point in time between ingested fluid temperature. Further, as 
7°C and 22°C water ingestion resulted in similar alterations in shivering activity and that 
shivering was modified less than one minute after fluid ingestion provides strong evidence that 
the modification to thermoeffector responses following the ingestion of non-thermoneutral fluids 
are modified by visceral thermoreceptors and not brain temperature. Secondly, even with a 
substantially greater increase in internal heat loss by ingesting ice slurry as opposed to cold 
water, the heat sink was completely compensated by the suppression of sweating, prior to core or 
skin temperature being affected. Third, the ingestion of cold fluid prior to the start of exercise 
prolonged the onset of sweating and vasodilation, resulting in a higher mean body temperature 
and the onset of these responses compared to the ingestion of a warmer fluid. However, 
thermoeffector responses in the warm and cold fluid trials were not different to the thermoneutral 
trial. These findings suggest the effectiveness of ingesting cold fluids prior to exercise would be 
limited as the suppression of heat loss responses causes a relatively greater amount of metabolic 
heat storage during early stages of exercise relative to a thermoneutral control. Fourth, electric 
fan use exacerbated thermal and cardiovascular strain, dehydration status and thermal discomfort 
in the simulated hot-dry conditions of the 2009 Adelaide heatwave. On the other hand, fan use 
lowered thermal and cardiovascular strain and feelings of thermal discomfort at the cost of 
slightly greater dehydration, which could be easily offset by ingesting one glass of water every 
two hours, in the simulated warm-humid conditions of the 1995 Chicago heatwave. Finally, ad 
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libitum external skin wetting was the most effective way to lower thermal and cardiovascular 
strain, thermal discomfort and dehydration status in the hot-dry Adelaide heatwave conditions, 
but immersing the feet in cool water presented some benefits as well. Electric fan use with 
external skin wetting lowered thermal discomfort, but did not improve thermal and 
cardiovascular strain or dehydration status.  
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